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Single- and multi-nanoporous (1-100 nm pore size) solid-state membranes (SSNMs) receive significant
attention in various fields, spanning from biosensing to water purification. Their finely tunable nanopore
geometry and chemistry, combined with the large selection of materials that they can be made of, such as
polymers, inorganic materials (e.g., silicon, silica, and alumina), and hydrogels, provide an excellent platform to
control their mass transport and sensing capabilities for different cargoes from A scale ions up to
macromolecular biomaterials. The critical requirement to merge these nanoporous membranes’ advanced
structural and chemical features with their applications is to find the most suitable analytical techniques that
permit macro- and micro-scale and real-time probing of different nanopore activities. Luminescence-based
detection of various physico-chemical processes in nanoporous membranes has recently received great
attention: it permits rapid, non-invasive, and dynamic probing of nanoporous materials, yielding information
on mass transport and sensing both (i) macroscopically, such as from an array of nanopores, and (i) micro-
nanoscopically, with ultra-high (e.g., single molecule) sensitivity and high resolution in time and space.
Quantitative information arising from luminescence experiments on membrane-analyte interactions has
Received 12th July 2024, uncovered the effects of nanoconfinement, membrane stability, and performance. This review article aims to
Accepted 1st September 2024 provide the reader with a handbook of fluorescent methods—from the simplest to implement to the most
DOI: 10.1039/d4ma00705k advanced—helpful in studying different kinds of SSNMs for a specific application or function. To this end, we
include examples from the literature published in the last ten years. At the end of our article, we also discuss
rsc.li/materials-advances limitations of the current state of fluorescence probing techniques and their future prospects.

“ Dipartimento di Chimica “Giacomo Ciamician”, Universita di Bologna, 40126 Bologna, Italy. E-mail: samet.varol@unibo.it, damiano.genovese2@unibo.it
b GSI Helmholtzzentrum fiir Schwerionenforschung, 64291 Darmstadt, Germany
¢ Department of Chemistry, Istanbul Medeniyet University, 34700, Istanbul, Turkey

H. Samet Varol received his PhD
from the Molecular Spectroscopy
Department of Max Planck Insti-
tute for Polymer Research (MPIP-
Mainz, Germany) in 2017.
Afterward, he worked as postdoc
at MPIP-Mainz, the University of
Zurich (Switzerland), and TU-
Darmstadt (Germany). He is
now working as an Alexander
von Humboldt Postdoctoral Fellow
at the Chemistry Department
H. Samet Varol “Giacomo Ciamician” of the

Dila Kaya received her PhD degree
in Physical Chemistry from Yildiz
Technical University in Istanbul,
Turkey. She is currently a post-doc
in the Materials Research Depart-
ment at the GSI Helmholtz Centre
for Heavy 1Ion Research in
Darmstadt, Germany. Her rese-
arch mainly focuses on develo-
ping nanochannel-based sensors.
Her work includes resistive-pulse
sensing of DNA, fabricating
nanopipettes  for nanoparticle

Dila Kaya
University of Bologna (Italy). His detection, studying gated ionic

research mainly focuses on designing multi-functional nanoporous transport through single nanochannel membranes, and exploring

membranes and studying their function by spectroscopic, electro- various surface modification techniques.

chemical, and microscopic methods. He also works on polymer-based

nanocomposite mechanics and novel (super)antiwetting coatings.

© 2024 The Author(s). Published by the Royal Society of Chemistry Mater. Adv.,, 2024, 5, 8351-8383 | 8351


https://orcid.org/0000-0001-8245-2243
https://orcid.org/0000-0003-1607-5317
https://orcid.org/0009-0002-5273-4092
https://orcid.org/0000-0002-2020-1892
https://orcid.org/0000-0002-4389-7247
http://crossmark.crossref.org/dialog/?doi=10.1039/d4ma00705k&domain=pdf&date_stamp=2024-09-20
https://rsc.li/materials-advances
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ma00705k
https://pubs.rsc.org/en/journals/journal/MA
https://pubs.rsc.org/en/journals/journal/MA?issueid=MA005021

Open Access Article. Published on 09 2024. Downloaded on 12.05.2026 15:26:09.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Review

1. Introduction

Nature has countless examples to inspire materials scientists to
design new and intelligent synthetic materials and/or advance
their properties for specific applications. One of the most
inspiring examples from nature is the biological ion channel
activities in cell membranes, which play a vital role in living
organisms based on their transport control mechanism for
different matters."”” Inspired by the stimuli-responsive trans-
port control mechanisms of biological channels, materials
scientists have designed membranes featuring numerous tiny
pores. These pores directly influence selectivity, rectification,
and gating due to their high pore density. Such synthetic
membranes carrying one or many nm size nanopores (when
membrane thickness and diameter have similar sizes) or nano-
channels (when the membrane thickness, thus, the pore chan-
nel length is larger than pore diameter) are called solid-state
nanoporous membranes (SSNM).** Unlike the biological ion
channels, synthetic SSNMs are fabricated from abiotic materials,
providing mechanical resistance, chemical functionality, and
higher lifetime in severe conditions such as extreme pH and
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heat.>>”” Nanopores/Nanochannels of such SSNMs are mainly
described as pores having a diameter <100 nm, and their small
size, stimuli-responsive surface activities, and finely adjustable
density on the membrane film make SSNM an ideal platform for
various mass transport and sensing applications. Moreover,
SSNMs could also find many applications in other fields, namely
DNA/RNA sequencing, energy conversion and storage, water
desalination and filtration, nanoreactors, dialysis, and
nanoelectronics.*® However, many of these applications are
based on their mass transport and sensing capability. Thus,
our review article will include examples of membranes from the
literature that are (or will be) used for mass transport and
sensing applications. One significant factor towards applying
such nanoporous materials for a specific application is their
geometrical dimensionality which could be (i) 0-dimensional
(0D) (e.g., cube, sphere, tube), (ii) membranes with 1D nano-
channels (e.g, ion-track etched polymer membranes), (iii) single
or multi-layered (2D) nanoporous membranes (e.g., mesoporous
silica based membranes) or (iv) 3D nanoporous membranes (e.g.,
3D-hydrogel membranes). There is a vast amount of important
research presenting nanoporous membranes with different func-
tions. However, for our review article, we kept the following three
parameters to limit the content of the paper: (1) present studies
on nanoporous membranes with pore size between 1-100 nm,
where possible, and (2) present examples of membrane films in
the form of > 0D structure, such as film coating or free-standing
film, rather than being 0D or similar geometries such as
nanopipettes, nanoparticles, or nanotubes. (3) Selected examples
published within the last ten years.

In order to study the transport through solid-state nano-
porous membranes analytically to understand their sensing
and mass transport performance, the most well-known method
is electrochemical characterization.”®'® In a typical steady-
state electrochemical setup, an SSNM is sandwiched between
the two halves of a container (cell) filled with electrolyte
solution, and upon application of transmembrane voltage
by a potentiostat, it is possible to record current-voltage curves
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(I-V curves). The changes in these curves are the direct indi-
cator of the ion transport changes across the nanopores.*""
Besides such steady-state electrochemical setup, electrochemi-
cal impedance spectroscopy (EIS) is also used to study the
nanopore activities electrochemically, especially to estimate
the membrane resistance with other parameters."*** While
these ionic current-based probing of nanoporous materials
offers excellent time response and sensitivity, it is often limited
by characterizing single nanopore films. For the multiple
nanopore membrane measurements, the signal-to-noise ratio
decreases, and the current signals from individual pores
become convoluted, making it challenging to discriminate
small molecules or subtle differences between molecules.
A strategy to overcome this limitation might be to connect each
nanopore to an individual electrode and reservoir, though this
presents significant engineering challenges.'> However, other
sensing methods can leverage the molecular confinement
provided by nanopores to yield additional information beyond
ionic currents. Consequently, there has been significant inter-
est in integrating nanopore platforms with various optical
sensing strategies. The most used optical-sensing methods
for probing the nanopore activities of SSNMs are (i) adsorption,
(ii) fluorescent spectroscopy, (iii) plasmon resonance, or
(iv) surface-enhanced Raman scattering. Of course, alternatives
to the ionic-current-based probing of nanopores are not limited
to optical probing. Further novel methods have been used to
study nanoporous materials, such as field-effect transistors
(FETs) and quantum tunneling."> However, in this review, as
the major method of optical nanopore probing techniques, we
will focus only on fluorescence methods to study mass trans-
port and sensing in nanoporous membranes.

Compared to other optical methods, fluorescence spectro-
scopy is a very fast and efficient method to collect data from
nanoporous membranes; for instance, it is the only optical
probing method to integrate spectra in short time scales,
allowing the study of the translocation-diffusion dynamics of
DNA or protein through nanopores of SSNMs.'®'® Depending
on their working principle on probing luminescent spices,
fluorescence methods have various sub-categories and classes.
In this article, we classified the fluorescent methods used for
solid-state nanoporous membranes into two main sub-
categories: (1) macroscopic luminescence spectroscopy and
microscopic luminescent imaging, and (2) single molecule
fluorescence spectroscopy/microscopy. When considering
fluorescence microscopy for nanopore imaging, the most
known method is the Single Molecule Spectroscopy to probe
nanopores. This is mainly because fluorescence spectroscopy is
among the most widely used techniques for detecting single
molecules in solution based on its ability to collect strong
signals from a single fluorophore. Nanopores are exceptionally
effective in being investigated by single-molecule fluorescence
spectrometers since nanopores can confine analytes to a well-
defined volume significantly smaller than a typical diffraction-
limited probe volume, thereby substantially improving overall
photon-collection efficiency. Additionally, solid-state nano-
pores offer the advantage of enabling the design of complex
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multilayer structures that can both enhance fluorescence and
minimize background noise.”>'%*° However, even though the
SSNM field focuses on probing nanopore activities by using
fluorescent single-molecule detection, we still considered intro-
ducing macroscopic fluorescent spectroscopy and microscopy
investigations. The first factor that motivated us is that single-
molecule fluorescent spectroscopy/microscopy methods require
special expertise and equipment. However, as provided in detail
below, many fundamental nanopore activities of various SSNMs
can be investigated using different macroscopic fluorescent tech-
niques such as probing analyte cargoes permeating through
nanoporous film in time** or collecting data of translocation
events in a high-density nanopore array rather than a single
nanopore.”*° Such macroscopic fluorescence spectroscopy/micro-
scopic characterization of SSNMs provides averaged signals over
large volumes, enabling high-throughput analysis and revealing
detailed structural and morphological information with high
spatial resolution. These methods are crucial for understanding
bulk properties, ensemble effects, and spatial organization within
the membranes. It is also important to understand the function of
nanoporous membranes.

Therefore, this review shows recent scientific findings, includ-
ing an analysis of the wide aspects of nanoporous membranes
using fluorescence techniques. While introducing examples from
the literature, we kept the connection between the following three
factors as tight as possible: (1) structural information of the
nanoporous membranes (2) the role of fluorescent methods in
probing the nanopore activities, and (3) the application of the
nanoporous membrane. In this way, we thought of providing the
reader a handbook to combine their expertise with the other one
or two remaining factors to progress in their research in materials
science. As an outline, this review article is organized in the
following structure: we first introduce the fluorescent methods to
study the mass transport and sensing of various nanoporous
materials (Fig. 1). In the subsequent section, we introduced the
nanoporous materials and briefly explained their production
methods, the importance of the nanopore activities, and their
potential applications. Again, we distribute a large set of solid-
state nanoporous membrane materials within three sub-
categories: (a) membranes with 1D nanochannels, (b) 1D and
2D nanoporous membranes, and (c) 3D nanoporous membranes.
For the rest of the manuscript, we mainly focus on different
examples from the last 10 years, presenting how different fluor-
escent methods could help understand the various mass transport
and sensing activities of different nanoporous membranes and
how the fluorescently probed information could be beneficial in
the application of a specific SSNM. In the final section, we present
our vision for the importance of the future of fluorescence read-
out for investigating novel nanoporous membranes and their
applications.

2. Luminescence-based methods

Photoluminescence (PL) is the widespread phenomenon
whereby a molecule or a nanostructured species, upon

Mater. Adv., 2024, 5, 8351-8383 | 8353
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Fig. 1 Illustration of the fluorescent methods included in our review article for probing the nanopore activities of various nanoporous materials.

The figure's central text (in the yellow area) lists some significant functions of fluorescent methods that are critical to probe the nanopore activities.
We categorized these luminescence-based methods into three main classes: (orange zone) Macroscopic fluorescence methods; (blue zone)
investigation of the fluorescence emission from the nanoporous materials microscopically; and (red zone) high-resolution (e.g., single molecule
sensitive fluorescent methods) fluorescent microscopy. Images in (blue zone) were reproduced from ref. 26 Copyright 2021, Elsevier and ref. 27
Copyright 2021, Frontiers. Images used in the red zone were reprinted with the permission from ref. 19 Copyright 2021, American Chemical Society.

absorption of a photon, emits another photon - typically at
lower energy.

The emission of a photon accompanies the relaxation from a
high-energy excited state (which in photoluminescence is
achieved upon absorption of a photon) to a lower energy state
or to the ground state; when this transition occurs between
states with same multiplicity, it is spin-allowed and therefore
the kinetic constant of this process is high, in the range of
10%-10° s, This kind of photoluminescence is named fluores-
cence and typically occurs in a time window of 0.1-100 ns.
By contrast, phosphorescence concerns spin-forbidden radia-
tive transitions that are, consequently, characterized by much
smaller kinetic constants in the range of 10° s™* or smaller.
Phosphorescence typically occurs in a timeframe of ps up to
seconds after the absorption of a photon.

During the time spent by a luminescent species at the
excited state, a number of physico-chemical processes can
occur that can change the properties of the excited state,
thereby changing the luminescence in a more or less sensitive
way. As inspiring examples-yet not as an exhaustive list-the
excited state can be stabilized by reorganization of the solvent
according to its polarity (solvatochromic dyes)*®*° or can
be quenched by intramolecular motions that depend on
the local viscosity experienced by the luminescent species

8354 | Mater. Adv., 2024, 5, 8351-8383

(microviscosity probes such as molecular rotors and AIE-
aggregation-induced emission-dyes).***" In addition, a species
at the excited state is simply more energetic than the ground
state; therefore, it may use this extra energy to undergo
chemical reactions or reach metastable states (photocatalysis,
photoisomerization, and photochemistry in general). Finally,
the luminescent species can be subjected to acid-base or
association—dissociation equilibria, where the different forms
involved in these equilibria may have different luminescence
properties, allowing the use of these species as chemical
sensors for pH, ions, and other analytes. Quenching of lumi-
nescence can occur upon transient interaction with chemical
species even in the absence of chemical association, a process
called dynamic (or bimolecular) quenching: for example, owing
to the spin-forbidden nature of the transition, phosphores-
cence is typically affected by the presence of dioxygen, which
quenches emissive triplet states: a quantitative evaluation of
the quenching process can then be used to measure the local
concentration of 0,.**

Finally, luminescence-based techniques can be extremely
sensitive: an individual molecule can be subjected to a large
number of absorption-emission cycles (up to 10°® emitted
photons for the best molecular emitters), laying the ground
for the exceptional sensitivity of PL-based techniques, which

© 2024 The Author(s). Published by the Royal Society of Chemistry
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even allows for monitoring the activity of a single molecule. For
reaching the highest sensitivity, the absorption rate shall be
pushed to the highest limit by using species with high molar
extinction coefficient and light sources with high photon flux
and density; furthermore, the species shall emit with high
efficiency (high PL quantum yield), and the detecting arm
of the instrument shall be characterized by high detection
efficiency and low noise.

2.1. Macroscopic luminescence spectroscopy of porous
membranes

Photoluminescence-bearing all information discussed above-
can be investigated via bulk measurements of macroscopic
systems (such as homogenous solutions in a cuvette or large
areas of solid-state samples) that are taken as representative
of the whole samples analyzed. Spectral properties of the
emission of luminescent probes and their time decays can be
investigated simply using a commercial fluorometer: if the
fluorescent species is diffusing through the membrane, then
the permeate solution may be flown to a cuvette, or the
membrane may be accommodated in the instrument with a
front-face geometry to study the emission building up in the
membrane pores or surface.

Suppose the membrane sample cannot be fruitfully accom-
modated in a commercial fluorometer. In that case, it is
possible to bring excitation light and detect emission using
optical fibers or build a dedicated optical path for excitation
and luminescence detection.

In these configurations, spectral and time-dependent infor-
mation on the emission of suitable luminescent probes is
averaged in a region of space typically lying in the millimeter
size range. Alternatively, luminescence can also be investigated
as a function of the position in space, i.e., via imaging of PL
properties, typically performed with micrometer (or sub-
micron) resolution, as discussed in the following paragraph.

2.2. Microscopic luminescence imaging

The main and simplest PL property to image is the brightness
(B), that is, the intensity resulting from the product of absor-
bance and emission probability coefficients (molar extinction
coefficient (¢) and quantum yield (&), respectively) and the local
concentration (c).

B=¢dc (1)

Whether fluorescence or phosphorescence is involved, lumi-
nescence imaging methods are commonly called “fluorescence
microscopies”. In a typical microscopy setup, the ratio between
excitation and emission photons easily exceeds 10°% an efficient
separation of the huge amount of excitation photons is, there-
fore, vital to obtain a good signal/noise ratio (S/N) from the
relatively few emitted photons. From this perspective, the
“epifluorescence” geometry is advantageous over the transmit-
tance geometry. Furthermore, suitable high-quality filters are
necessary to reach the desired signal/background ratio and get
the most from the sensitivity of fluorescence microscopy.*

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Homogeneous illumination of the whole field of view and
collection of the emitted photons via an imaging system
(objective, tube lens, and imaging detector such as CCD or
CMOS cameras) is called “wide-field fluorescence microscopy.”
This relatively simple method can still reach the highest
sensitivity, but it suffers from the PL emitted by species in
optical planes that lay below or above the focal plane: for
this reason, this technique is mostly indicated to image thin
(<1 pm) samples.

The problem of poor contrast due to out-of-focus emission
can be solved in different ways: laser-sheet microscopy and two-
photon microscopy are two techniques of broad use to image
thick, transparent samples, in particular in biomedical applica-
tions. TIRF (total internal reflection fluorescence) microscopy is
a method that confines the excitation field to the very first layer
(<200 nm) of the sample above a high refractive index inter-
face, thus eliminating out-of-focus excitation and emission.
Yet, the most widespread fluorescence microscopy technique
that eliminates light from out-of-focus planes is undoubtedly
confocal laser scanning microscopy (CLSM). The main novel-
ties—and differences-of this technique compared to wide-field
microscopy are that (i) the sample is not excited homoge-
neously in the whole field of view, yet the excitation is focused
in a diffraction-limited focal spot, and that (ii) the emission is
collected through a pinhole that-positioned in an image plane-
cuts off most of the light emitted from out of focus planes.

In CLSM images are then reconstructed by scanning the
diffraction-limited excitation spot throughout the sample. This
allows the collection of other PL parameters than intensity: the
emission spectrum and the emission decay can be measured in
each excitation spot by implementing a CLSM with a spectral or
a lifetime module, respectively. Furthermore, spectral informa-
tion can be obtained more simply by separating the emission
spectrum in 2 up-to 4 spectral regions that are independently
analyzed by separate detectors.

The advantage of analyzing emission spectrum or decay over
intensity is that, while intensity is a ‘“relative” parameter
(it provides information only relative to another measured
intensity, in time or space), spectral and lifetime information
are ‘“‘absolute”, i.e., they contain information that can be
directly given a physical meaning, thus yielding quantitative
data in a straightforward fashion. As a general statement,
fluorescence microscopy can yield quantitative data when a
calibration curve is available and when accurate control on
local concentration and volume can be achieved. Let us con-
sider the example of a luminescent species (the donor) that is
quenched by another luminescent species (the acceptor) via
Forster resonance energy transfer (FRET): it is possible to
evaluate the efficiency of FRET in three ways: (i) via the intensity
of donor or acceptor emission, (ii) via the emission spectrum
(ratio of donor and acceptor intensities) or (iii) via the lifetime
of the donor emission. In the first case, in each pixel, the
measured intensity depends on two variables: FRET efficiency
and local concentration of the dyes: therefore, to assess
whether, in a specific pixel, FRET is taking place, we have to
know what the intensity would be in that very pixel in the

Mater. Adv., 2024, 5, 8351-8383 | 8355
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absence of FRET. By contrast, it is sufficient to know the
lifetime of the donor or the spectrum of donor and acceptor
in the absence of FRET (from any instrument or any pixel, once
for all) to estimate quantitatively the FRET efficiency in each
pixel of a spectral or lifetime microscopy image. Emissive
systems in which the spectral changes (i.e., the ratio between
emission at different wavelengths) provide information are
called “ratiometric”.>**> Examples of this kind of system are
FRET-based sensors, solvatochromic probes, and chemo-
sensors where the emission spectrum changes upon interaction
with the analyte. Similarly, the emission decay allows the
mapping of an intrinsic property of the dyes-their emission
lifetime-that is independent of concentration and, therefore,
can be directly ascribed to the parameter to which the lifetime
is sensitive, such as the presence of a chemical analyte or a
physical parameter of the microenvironment such as viscosity,
temperature or polarity.

2.3. Single-molecule localization microscopy (SMLM) &
fluorescence correlation spectroscopy (FCS)

One major limitation of fluorescence microscopy is the rela-
tively low resolution, which is limited by diffraction to //2NA
where A is the wavelength of the light used for imaging and NA
is the Numerical Aperture of the objective. In the last 30 years,
several solutions have been proposed to overcome this limita-
tion based on either instrumental variations or post-acquisition
data analysis. These approaches (recently awarded with the
Nobel Prize in Chemistry 2014) are collectively called “Super-
Resolution Microscopies”.*®

There are two main possibilities to achieve images beyond
the diffraction-limited resolution: using a special fluorescence
microscope (“‘hardware-based” super-resolution techniques)
or manipulating the photochemistry of the dyes to acquire
super-resolved information (“sample-based” super-resolution
techniques). The most powerful and successful hardware-based
method is stimulated emission depletion microscopy (STED),
a technique now embedded in several commercial fluorescence
microscopes based on using a second laser beam with a
peculiar doughnut-shape. This beam rapidly depletes the
fluorescence via the process of stimulated emission: after such
a pulse of depleting light, only emission from the very center of
the excitation is left, that can be detected and assigned to a
much smaller volume of origin than the initial (diffraction
limited) excitation volume.

On the other hand, the majority of “sample-based” super-
resolution techniques are grounded on the precise localization
of a photon emitter: this family of techniques, called single-
molecule localization microscopy (SMLM),*” relies on the fact
that a single fluorescent species can be localized with much
higher precision than the diffraction limit if its emission spot
(called the point-spread function, PSF) does not overlap to the
PSF of other single fluorescent species. In common samples,
the density of fluorophores is much higher, and the PSFs of the
various emitters do overlap. Therefore, to spatially isolate single
emitters at a distance larger than the PSF, the emission of each
species should be observed when the other emitters are in a
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non-emissive state, ie., the PSFs of the emitters should be
distributed in time, rather than in space. There are many ways
to temporally isolate the emission of species: one possibility is
to switch photoactivatable fluorophores between a fluorescent
(on) state and a nonfluorescent (off) state (photoactivated
localization microscopy, PALM) or to exploit the dynamic
nature of transient binding (binding activated localization
microscopy, BALM). This switching mechanism permits the
detection of single molecules even in densely labeled samples,
which can then be localized with high precision to yield a
super-resolved image.

Under such conditions, the precision of localization of the
center of emission within the PSF-and therefore of the real
position of the single molecule-is only limited by the signal to
noise (S/N) ratio: the higher the S/N (i.e., the flow of emitted
photons vs. the detection noise), the higher the precision of
localization and the resolution of the final reconstructed image.
For this reason, all SMLM techniques require instrumental
components and fluorophores that can guarantee the maxi-
mum S/N, reaching thus the highest sensitivity in fluorescence
microscopy.

Two other techniques that are only feasible with instrumen-
tal components and fluorophores allowing single-molecule
sensitivity are (i) single-molecule tracking (SMT) and
(ii) fluorescence correlation spectroscopy (FCS).*® These tech-
niques allow for the direct characterization of molecular
motion in space and time, yielding information on diffusion
properties, environmental viscosity, and confinement, and also
on processes that impact the size or diffusion properties, such
as molecular recognition, assembly, or disassembly. Both tech-
niques can also be applied to nanosystems (dye-doped nano-
particles, QDs, fluorescent polymers etc.) that provide a much
higher brightness and S/N ratio, thus paving the way to single
particle analysis with standard instrumental components.

3. Solid state nanoporous membranes

The definition of nanoporous materials is comprehensive since
it includes various natural, synthetic (also known as solid-
state), and biological examples with different dimensions,
chemistry, and structures, such as charcoal, biological tissues,
thin films, multi-layered films, bulk polymeric porous structures,
micro- or nano-particles, nanotubes, and many more. This review
article does not include natural or biological nanoporous mem-
branes; it focuses only on synthetic solid-state nanoporous mate-
rials (SSNMs). Moreover, among different SSNMs, we selected
examples from different chemistry and functionality membrane
films/coatings having, in general, high-density nanochannels or
nanopores with different geometrical dimensions (1D, 2D, and
3D) where the mass transport takes place (Fig. 2). A second major
factor in classifying the synthetic nanoporous films is their
density of nanochannels/nanopores: single pore or high density
of channels/pores (multi-pore). However, before describing the
selected membranes’ structural features, fabrication, and applica-
tions, it is essential to provide some common structural properties
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(a) Membranes with (b)

1D nanochannels

t>d

Fig. 2

1D and 2D
nanoporous membranes
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3D
nanoporous membrane

(c)

1D
- X membrane

Illustrations of the solid-state membrane film structures included in our review: (a) 1D nanochannels with a longer channel length (or film

thickness, t) than the diameter (d) of the nanopores; (b) 2D membrane thin films with 1D nanopores where d > t or the stacks of such 1D membranes
(called 2D membranes); (c) 3D nanoporous membranes with irregularly connected nanopores.

that are valid for all the selected materials in this review.
Primarily, based on IUPAC classification and their pore dia-
meters, porous materials are divided into three major groups:
microporous (<2 nm), mesoporous (>2 nm and <50 nm), and
macroporous (>50 nm) materials.>**° In our review article,
we use the ‘“nanoporous” term to define the nanopore size
(diameter or opening) of all membrane films within the nano-
meter range of 1-100 nm. Therefore, various synthetic solid-
state nanoporous membrane films with sub-nm (<1 nm) range
nanopore size, such as single or multi-layer graphene, graphene-
oxide membranes, Zeolite membranes, and metal-organic-
framework (MOF) membranes, were excluded from our review
article. Another crucial structural definition that needs to be
clarified is the difference between “nanochannel” and “nano-
pore.” As also illustrated in Fig. 2a, especially for single or low-
pore density nanoporous membranes, 1-dimensional (1D) “nano-
channel” is used for channels whose diameter is significantly
lower than the membrane thickness (¢ > d; in other words, high
aspect ratio). On the other hand, the term “nanopores” is used for
openings in 2D thin membrane structures having similar or lower
pore diameter compared to the film thickness (¢t < d; low aspect
ratio) (Fig. 2b). In general, throughout our manuscript, we divided
the nanoporous membrane films/coatings into the following three
major classes: (1) nanoporous membranes with 1D nanochannels
(Fig. 2a); (2) 1D and 2D nanoporous membranes (Fig. 2b); and (3)
3D membranes (Fig. 2c). We did not include almost any examples
from 0D nanoporous materials such as nanoporous particles,
nanotubes, etc. Below, we will briefly introduce these three classes
of nanoporous membranes while explaining their typical struc-
tural properties, nanofabrication strategies for their production,
and common applications.

3.1. Membranes with 1D nanochannels

As “abiotic” analogues of biological channels, solid-state nano-
channels provide a nanoconfined space where sensitive mass
transport and detection of various targets can be achieved. The
essential knowledge of the exact geometry, size, and surface
properties of the nanochannels has enabled the design of
nanochannel based ionic devices which are regularly employed
as energy harvesters,*’ chemical or biological sensors,****

© 2024 The Author(s). Published by the Royal Society of Chemistry

separators,” and iontronic devices such as nanofluidic
transistors*® and diodes.*® These devices are preferred due to
their high sensitivity while allowing the isolation and study of
individual molecules.”” The interest in nanochannels stems
from their unique chemical and physical properties compared
to their bulk counterparts due to their spatial functions, such
as size and surface charge distribution. These properties can be
controlled and optimized by varying the size, shape, porosity,
and charge carrying surface groups of the nanochannels for the
desired application.

Surface modification strategies for nanochannels are parti-
cularly significant for imparting specific properties, such as
surface charge or wettability, as well as for introducing func-
tional groups to the nanochannel surfaces. Various approaches
can be employed to modify nanochannels, including covalent
bonding of functionalities via coupling reactions, self-assembly
of polyelectrolytes, atomic layer deposition, metallic deposi-
tion, and thiol chemistry.***’ Unlike thermal evaporation
(sputtering), which only covers the surface, all the above-
mentioned techniques modify the entire nanochannel length.
The modifications are routinely confirmed via electrochemical
or fluorescent methods. In some cases, the modification of the
surface of the nanoporous membrane may hinder its transport
or sensing properties. In one example, it was found that the
modification of AAO with a silane layer on the top surface
caused adverse effects on the ionic transport properties of the
membrane.”® The transport improved when the silane layer on
the outer membrane surface was removed via air plasma
treatment. In the case of metal deposition in polymer mem-
branes, the top layer can easily be removed, for instance, by
hand-polishing with fine-grain sandpaper.”" For large-size bio-
markers as proteins, surface modification can be used to avoid
the adsorption or aggregation of proteins onto polymer
membrane surfaces for enhanced transport properties in sen-
sing. It was shown that the self-assembly of PEG onto PET
surface prevented the unwanted adsorption of protein aggre-
gates onto the surface, ensuring the transient-state sensing
through the nanochannels.>

Mass transport through nanochannels is usually detected
and analyzed using conductivity measurements since the
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transport of an analyte through the nanoconfined space causes
a measurable change in the ionic current due to volume
exclusion, charge density, wettability etc.>® Any variation in
the ionic current (e.g., the amplitude, duration, frequency
etc.) can then be transformed into information concerning
the analyte. On the other hand, electrical sensing can be
complemented by optical detection methods to introduce the
benefits of improved spatial resolution, specificity, simulta-
neous readouts, and regulated dwell times.>*>* Fluorescence
is a useful tool in generating optical signals to capture informa-
tion on the dynamic changes and translocation events within
the nanochannels.

Here, we define one-dimensional (1D) nanostructures as
nanochannels with high aspect ratios (i.e., length vs. diameter)
(Fig. 2a) focusing on anodic aluminum oxide (AAO) and ion-
track-etched polymer membranes. We provide insights into the
fabrication processes and applications of 1D nanochannels.

3.1.1. Anodic alumina membranes (AAO). AAO is an
ordered hexagonal array of cylindrical nanochannels formed
by the anodization of aluminum in an appropriate acid
solution. High thermal conductivity and unique optical and
electrochemical properties make AAO an interesting choice for
nanochannels with tunable dimensions. The porous structure
is defined by pore diameter, interpore distance, wall thickness,
barrier thickness, and porosity. Optimizing anodizing para-
meters and pre/post-treatment methods can finely control
these characteristics.>®

Nanoporous AAO membranes are obtained in an acidic
medium under an applied voltage. Larger diameters of nano-
channels can be achieved by increasing the anodizing voltage,
adjusting the pH of the acidic solution, prolonging the anodiz-
ing time, or reducing the concentration of the acidic
electrolyte.>

The stages of AAO formation can be described as: (1) rapid
anodic oxide formation at the metal/oxide interface, (2) current
density increase as the pore nucleation starts until the max-
imum in which the oxide barrier layer is broken down, and
disordered porous structure develops, (3) the disordered pores
start to merge, and channels parallel to each other start to grow.
(4) Steady stage where the thickness of the barrier layer is
constant, and the porous structure grows in thickness through
two competitive mechanisms: oxide formation and oxide dis-
solution due to the acid. An electric field assists both of these
effects.”®

Pretreatment processes, such as annealing and chemical
cleaning, serve to eliminate internal stress in the metal and
remove organic residues, respectively. Furthermore, a two-step
anodization is usually carried out where the first step is
employed to achieve an ordered surface on the Al metal to be
used as a growth template in the second anodic oxidation.>
During this step, pre-patterning of the Al surface can be utilized
to generate the desired channel morphologies. Additionally,
further widening of the nanochannels can be achieved through
acidic post-treatment.

AAO membranes are frequently employed as templates
for designing and fabricating nanostructures with highly
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controllable features. Practical applications where AAO mem-
branes are directly used include selective filtration for the
separation of molecules,”” and drug delivery,>®° as well as
sensors for the electrochemical®®®* and optical detection®*™®°
of various analytes. The optical transparency of AAO mem-
branes makes them suitable for sensing applications based
on fluorescence detection.®® Single-molecule fluorescence can
be used to investigate the mass transport mechanism of solutes
through AAO nanochannels.®”

3.1.2. Polymeric ion track etched membranes (PI, PC,
PET). Ion- track-etched nanochannels in polymers can be used
in advanced nanotechnology applications such as sensors,
batteries, and energy harvesters, as well as in fundamental
studies of nanofluidic properties such as ion selectivity, ionic-
current rectification, and ionic gating.”°%%°

Etched ion-track membranes are produced by swift heavy
ion irradiation and their subsequent chemical etching. They
are characterized by a narrow distribution of pore sizes and the
unique advantage that all the relevant parameters can be
tailored in an independent and controlled manner. The fabri-
cation steps are,

(1) Irradiation of polymer foils with swift heavy-ions: each
heavy ion projectile that passes through the polymer induces
electronic excitation and ionization processes in a highly
localized cylindrical zone along its trajectory.” The ion fluence,
typically between 1 and 10" ions per cm?, is controlled by
focusing or defocusing the ion beam. Single ion irradiation
where only an individual heavy-ion impact with the polymer is
possible, causing the production of a single ion-track at the
center.

(2) Selective chemical etching of the ion-tracks to form
tailored nanochannels: etching can be performed symmetri-
cally or asymmetrically to control the nanochannel geometry.
The nanochannel diameter is dependent on the etching time.
Concentration or the composition of the chemical etchant,
temperature of the etching solution, and pre-treatments
directly influence the nanochannel size and geometry.”" Nano-
channel length is determined by the thickness of the polymer,
typically between 10-100 pm.

Ionic transport from track-etched single nanochannels pro-
vides valuable information for sensing purposes since their
geometrical and electrical parameters can be adjusted and
characterized independently. Ionic transport through PC,
PET, and PI track-etched nanochannels has been investigated
and regulated by external parameters such as pH, temperature,
ion concentration.””””* Asymmetry in the nanochannel geome-
try yields unique properties due to the broken symmetry in the
nanochannel shape and the surface charge distribution. One
effect is ion-current rectification, where the accumulation or
depletion of ionic species within the nanochannel causes a
diode-like ionic response, which can be implemented for sen-
sing purposes. Additionally, ionic current gating can be per-
formed on the electrically addressable nanochannels to further
control the transmembrane current.>*> Besides electrical
signals generated by track-etched membrane systems, optical
signals, particularly fluorescence intensity measurements and
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confocal imaging, have been extensively developed and utilized
for both the characterization of nanochannel surfaces,””> and
for separation’® and sensing purposes.”’

3.2. 1D and 2D nanoporous membranes

As the second class of nanoporous films in this review, we
present a few nm thick single (Fig. 2b-up) or multiple layers
(Fig. 2b-bottom) 2D membrane films carrying single or multiple
nanopores. As illustrated by red arrows in Fig. 2b, depending
on the lamellar stack number (single or multiple) and pore
density (e.g., single or multiple), the number of dimensions of
mass transport changes. In single thin-layer films with one
discrete nanopore or multipores, 1D mass transport (similar to
membranes with 1D nanochannels) is possible (Fig. 2b-top).
However, mass transport can also happen between layers for
the multi-stack laminar nanosheets, thus creating 2D membrane
nanopore activities (red arrow in Fig. 2b-bottom). In our article,
among a large selection of 2D nanoporous solid-state membranes
(single or multiple stacks and single- and multi-porous), we will
focus on the following membranes mainly due to their tendency
to be studied by various fluorescent sensing/investigation meth-
ods: mesoporous metal oxide films, covalent organic frameworks
(COFs), and silicon-based thin membrane films.

3.2.1. Mesoporous metal oxide films (e.g., HfO,; Al,O;;
MoS,, TiO,). Mesoporous metal oxide films offer notable
physico-chemical properties, for instance, extensive surface
area, controllable pore size (between 2 nm and 50 nm) and
geometry, large band gap, good thermal and chemical stability,
advanced optical and electrical features, non-toxicity, and low-
cost.”® Various methods fabricate these films, and the most
well-known are sol-gel dip coating, sputtering spray pyrolysis,
atomic layer deposition, spin coating, electrodeposition, and
anodic oxidation.”®”®* Especially over the last three decades,
mesoporous films have found room for themselves in novel
applications such as adsorption, separation, chemical and
biochemical sensing, gas sensing, drug delivery, dye-sensi-
tized solar cells, photo/electrocatalysis, and energy storage devices
(e.g., rechargeable batteries, electrochemical supercapacitors).”

3.2.2. Covalent organic frameworks (COFs). COFs com-
prise organic units linked by strong covalent bonds, giving
them various structures, high porosity, and strong thermal and
mechanical stability.®* 3¢ Generally, the intrinsic pore diameter
of most of the COFs ranges between 0.6-10 nm, and COFs are
divided into two main classes: 2D and 3D COFs.*”®° Two-
dimensional (2D) COF nanosheets have hierarchical pores
and active groups for various chemical functionalizations.?*%
Their large surface area and structured crystalline nature also
provide advanced electrical conductivity to the 2D COFs.5%%°
For both 2D and 3D COFs, their porous crystal structure makes
them highly flexible, and their optional building blocks,
ordered and adjustable size channels, large specific surface
area, and active chemical sites highlight them for applica-
tions such as sensors, optoelectronics, gas separations, and
catalysis.®” Based on their controllable nanopore size and inter-
layer stacking number and distance, COFs have great potential
to be applied in different ways, such as for precise filtration,”*
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gas storage and separation,””® or sensing.”* To realize the
application potential of COFs, recent research is focused on
converting powder COFs into thin film membrane structures
with controlled thickness, morphology, and mechanics.”®
Related to this review’s content, many studies have explored
COFs for fluorescent sensors, using their ability to enhance
or quench fluorescence.”®® Considering their fluorescent
absorption and emission potential, the highly conjugated aro-
matic regions of COFs facilitate the modular incorporation of
various chromophores, enabling effective interactions with
incident light.'°%**

3.2.3. Silicon-based thin membrane films (Si; SiO,, Si,N,).
The most known silicon-based nanoporous thin film mem-
branes are single or multipore silicon nitrate (Si,N,) and multi-
pore mesoporous silica (SiO,) membranes. Depending on their
nanofabrication technique, the nanopore size of these mem-
branes can range from a single digit to several tens of nan-
ometers. Compared to other inorganic nanoporous membrane
films, silicon-based membranes have advantages especially due
to their membrane durability, enable miniaturization, surface
groups that can be functionalized easily, and ability to facilitate
integration with other ionic and electronic devices.">'**'%
Current methods for fabricating silicon membranes with pre-
cisely defined pores offer extremes in porosity, ranging from
highly porous to single-pore configurations. Highly porous
ultrathin silicon-based membranes can be achieved through
evaporation-Induced Self-Assembly (EISA) and sol-gel chemis-
try using a dip- or spin-coating process followed by thermal
annealing leading to the spontaneous formation of pores.**'**
By carefully selecting annealing conditions, the diameter of
these pores can be precisely controlled. However, this approach
does not provide control over the number of pores. Alterna-
tively, pores can be fabricated individually using techniques
such as ion beam sculpting,’® focused ion beam drilling,"*®
e-beam lithography,'®” or e-beam drilling within a transmission
electron microscope (TEM).'®® Such single and mesoporous
silicon-based films have a wide range of ongoing applications
and application potential, especially in water management,
iontronics, sensing, drug delivery, catalysis, and energy
conversion.'>'°?

3.3. 3D nanoporous membranes

3D nanoporous membranes refer to matrices that display
interconnected voids that weave throughout the material,
allowing the passage of gases or liquids (Fig. 2c) with separa-
tion coefficients usually higher compared to 1D and 2D mem-
branes. However, to obtain this interesting property, pore size
and arrangement must be meticulously controlled to exploit
size-controlled diffusion. Moreover, the complex intercon-
nected design of these membranes provides a tortuous path
for diffusing molecules, thus leading to different residence
times arising based on physical and chemical pore-molecule
chemical interactions.

3.3.1. 3D porous organic polymers (POPs). Porous organic
polymers represent a class of metal-free materials built from
purely organic building blocks composed of lightweight elements,
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such as H, B, C, N, O, and Si."**'° These materials are charac-
terized by the presence of macromolecular frameworks with
interconnected porosities, rigid pore architectures, and high sur-
face areas ranging from 100 to 6000 m> g~ *."*! The symmetries
and functionalities of these organic building blocks play a crucial
role in determining the resulting topologies, pore structures, and
properties of the POPs. Indeed, the design stage allows for precise
tuning of pore size and geometry by manipulating the length and
shape of the organic building blocks. Additionally, the organic
building units can be chemically modified to incorporate into the
POPs specific functionalities via both pre-synthetic and post-
synthetic modifications, further enhancing the tunability of their
physical, chemical, and morphological properties."*

POPs encompass several subclasses distinguished by their
monomer structures and polymerization methods. While most
exhibit an amorphous 3D structure with irregular pore shapes
and size distributions, covalent organic frameworks (COFs) are
a notable exception. They are characterized by a crystalline
structure with long-range order, enabling the formation of a
highly regular 2D pore structure (Fig. 2b). Amorphous sub-
classes include hypercrosslinked polymers (HCPs),'"* polymers
of intrinsic microporosity (PIMs),"** conjugated microporous
polymers (CMPs),""* and porous aromatic frameworks (PAFs)."'®

The versatile properties of POPs render them promising
candidates for a wide range of scientific and industrial fields,
such as heterogeneous catalysis,''” photocatalysis,'*® CO, cap-
ture and conversion,''>'®° gas storage and separation,"*'
energy conversion and storage,"*>">* chemical sensing,"** bio-
medical applications,"*>"*® and organic photovoltaic."®” POPs
have gained valuable attention for their capability to host in
their interconnected pores different kinds of guest molecules,
such as metal ions,"?® dyes,"*® explosives,"*° volatile organic
compounds,™®" radionuclides,"** and biological molecules."*
Guest molecule absorption is driven by specific interactions
between POPs and guests, such as H-bonding, n-n interactions,
electrostatic interactions, ionic interactions, hydrophobic inter-
actions, and van der Waals’s interactions. Due to their highly
conjugated structures, most POPs are luminescent materials
and work nicely as turn-off fluorescent sensors. In these cases,
the fluorescence quenching in the presence of guest molecules
can be driven by different mechanisms, including FRET, photo-
electron transfer, absorption competition, and inner filter
effects. For a detailed description of these systems, readers
are invited to refer to recently published reviews.">*'%>

3.3.2. Composite 3D membranes. Composite 3D nano-
porous membranes are characterized by the presence of a
robust organic-based matrix combined with inorganic filler
with high thermal and chemical stability. Combining these
two components allows to obtain materials that possess both
the high selectivity of inorganic materials and polymers’ good
processability and mechanical properties.’** This marriage
of features grants exceptional control over mass transport,
making them prime candidates for filtration, separations,
and catalysis applications."?

Depending on the embedded phase, these composite
(or hybrid) membranes are classified as either mixed matrix
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membranes (MMMSs) or nanocomposite membranes. In MMMs,
the embedded fillers possess pores and contribute to mass
transport through mechanisms like molecular sieving or
diffusion.'*®

Nanocomposite membranes incorporate nanoparticles that
enhance the composite’s selectivity by improving separation
properties or optimizing physico-chemical properties like
hydrophilicity and porosity, overcoming the limitations of
purely organic materials.'®’

In both cases, mass transport is governed not only by the
individual properties of the components but also by the inter-
actions between the matrix and the fillers. Therefore, having a
well-dispersed filler and high compatibility between matrix and
filler is mandatory to avoid aggregation of the filler and inter-
facial defects that could hinder performance."**

The potential applications of composite 3D nanoporous
membranes are extensive and span numerous industries. These
membranes can remove many contaminants in water purification,
from heavy metals to emerging pollutants like pharma-
ceuticals.”*®*** The chemical processing industry can leverage
its capabilities to separate valuable products from complex
mixtures and gas separation, leading to more efficient and
sustainable production processes."**™*°

3.3.3. Hydrogel based composite membranes. Hydrogels
are three-dimensional (3D) networks of hydrophilic polymers
that can absorb large amounts of water (often exceeding their
own dry weight) while maintaining their structural integrity
thanks to the interplay between polymer chains and water
molecules.*”**® These natural or synthetic polymers are char-
acterized by a high affinity for water, thanks to the presence of
hydrophilic functional groups that can interact with water
molecules, trapping them into the polymer network. Despite
the high amount of water that can be present in these networks,
hydrogels do not collapse thanks to the presence of physical or
chemical crosslinks between polymer chains. The degree of
crosslinking is crucial in determining the hydrogel’s properties.
A higher degree of crosslinking yields a more rigid structure
with smaller pores, while a lower degree of crosslinking results
in a more flexible gel with larger pores.'*® Apart from the
crosslinking degree, hydrogel properties also depend on the
polymer used for their preparation: both natural and synthetic
polymers can be used for this purpose, leading to hydrogels
with higher biocompatibility but lower mechanical properties
or vice versa.

Being 3D membranes, hydrogel properties depend immen-
sely on their pore size."**'*! This parameter can be controlled
during the synthesis by tailoring the crosslinking degree or by
incorporating porogens, which are inert materials that can be
subsequently removed to leave behind a defined pore structure
within the hydrogel.'**

However, determining pore size in hydrogels is an extremely
challenging task: solid-state techniques, such as scanning
electron microscopy, can easily provide this parameter; how-
ever, the result obtained highly depends on the technique
employed for drying the hydrogel and does not account for
the swelling-induced increase in pore size."™ To account
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for this, analysis performed in solutions, such as DLS
(dynamic-light scattering) and FRAP (fluorescence recovery
after photobleaching), are better suited despite being less
straight-forward.'>**>*

3.3.4. Polyelectrolyte membranes. Polyelectrolyte mem-
branes (PEMs) are constructed from polyelectrolytes, polymers
containing repeating units with ionizable groups, which endow
them with unique properties for controlling mass transport.">
In these membranes, mass transport is not solely governed by
porosity but also by the intrinsic charge of these membranes.

The porosity of PEMs and the charged groups are critical
parameters that govern their permeability and selectivity.'>
PEMs can be fabricated with various pore sizes, from densely
packed structures with nanometer-scale pores to highly porous
networks with micron-sized channels.'>®

Dense PEMs with nm-scale pores exhibit high selectivity,
allowing specific ions or molecules to pass while effectively
rejecting others. This selectivity arises from the interplay of
electrostatic interactions, steric hindrance, and size exclusion
effects.'®® This principle can be exploited for the production of
ion exchange membranes in fuel cells, where PEMs selectively
permit the transport of protons while rejecting bulk water
molecules.™”

High porosity PEMs, on the other hand, offer a compelling
solution for applications demanding high permeability. Large
pores within the membrane structure enhance the transport
pathway for desired solutes. However, achieving high perme-
ability often comes at the expense of selectivity.'*®

As for other membrane types, the selectivity of these mem-
branes can be enhanced by the functionalization of pore walls
with specific recognition groups, such as chelating agents'>®
and pH-responsive groups.'®*'¢!

4. Fluorescence methods used for
probing nanopore activities of different
nanoporous membranes

4.1. Bulk luminescence methods

In solid-state nanoporous materials, various analyte molecules
with different luminescent activities have been monitored
inside or in the vicinity of the nanopores, and variations in
the fluorescence signal could be used as a direct indicator of
various information on the nanopore activity, including nano-
confinement effects. The step was short, from striving for
information on the behavior of nanopores to using fluores-
cence signals in various applications of nanoporous materials
(first of all, sensing). The evolution of fluorescence based
methods goes towards building up simpler methods and gain-
ing higher sensitivity: since the early 2000s, fluorescence has
been used primarily in probing the translocation of labeled
biomolecules (e.g., intercalating dye such as YOYO-1 conju-
gated DNA) through solid-state nanopores.'®*'®* However, to
capture the translocation information of biomolecules near the
nanopores, a highly resolved and sensitive measurement
was needed, which was obtained with fluorescence imaging
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techniques (Method-2, below). In some cases, detecting ana-
Iytes from a single fluorophore sensitivity is desirable, which
led to the use of fluorescence imaging techniques sensitive to
single molecule detection with optimized signal/noise ratio,
namely single-molecule localization microscopy (SMLM) and
fluorescence correlation spectroscopy (FCS), techniques that
will be discussed in Method-3. However, it is not always
necessary to reach this level of sensitivity and resolution in
space: in Method-1 we first want to introduce recent studies of
nanoporous membrane examples carried out by spectrosco-
pic (bulk) measurements such as steady-state fluorescence
spectrometer.

4.1.1. Method-1: bulk fluorescence spectroscopy measure-
ments. Here, we review a number of recent studies where
relevant information on the activity of nanopores was obtained
with instrumentation typically used in fluorescence spectro-
scopy without employing microscopy imaging. There are sev-
eral options to record luminescence data from a macroscopic
sample, for example, simply with a camera upon irradiation
with a light source (a UV lamp, typically),"®*%® or with a
portable spectrometer or within a fluorometer:'®”'°® in both
latter cases, the spectral dispersion of emitted light is recorded
and excitation light is more efficiently recognized and
filtered out.

Nanoconfinement effects in nanopores have been explored
by using dyes that are sensitive to local microviscosity and
mobility (such as AIE luminogens), solvent polarity (solvato-
chromic dyes), or pH (fluorescent pH probes). AIE luminogens
have mainly been applied to microscopy experiments and will
then be reviewed in next chapter. To investigate solvation
dynamics Braeuchle et al. measured the emission spectrum of
a solvatochromic dye (nile blue) in ethanol confined to sol-gel
glasses with 50 A and 75 A average pore size.***'”® Compared
with the dynamics of the respective bulk solution, confinement
reduces both the amplitude of the dynamic Stokes shift and the
dynamics of the solvation process. This may be due to dye
adsorbed at the inner pore surfaces, thus interacting with only
a “half-space” of solvent molecules.

pH was instead locally probed via the use of pH-sensitive
dyes: Andrieu-Brunsen and coworkers have recently explored
the local interplay-inside 1D mesoporous silica films-between
pH and the pK, of a fluorescent pH sensor, finding an apparent
decrease of the pK, of the probe inside the pores, as compared
to the same probe dissolved in water. This apparent pK, change
may be explained either by an actual change of pK, of the dye
itself or by a local increase of pH in nanoconfined pores (with
respect to the bulk solution, where the pH is monitored)."”*
Furthermore, the same group found that the local mobility of
water and of dissolved cations is much lower inside the
nanopores compared to the bulk, which suggests that the
activity of H;O" ions is lower-and therefore the effective local
pH higher-not (only) because of a lower concentration of
protons, but (also) because of their lower activity.'”*

pH measurement inside nanoporous materials could be
obtained in a faster and quantitative fashion using a ratio-
metric measurement: when the ratio between two emission
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bands changes as a function of pH, even an individual
measurement of the emission spectrum (and thus of the ratio)
is sufficient to provide a value of the local pH. This strategy was
employed in 2019 by Stanzel et al., who grafted pH-sensitive
(fluorescein isothiocyanate, FITC) and pH-insensitive (rhod-
amine B isothiocyanate, RITC) dyes inside the nanopores of
the mesoporous silica films to monitor the pH-dependent
emission spectrum (Fig. 3a)."”* The presence of FRET between
the dyes notably complicates this system, and authors only
phenomenologically describe the observed pH dependence of
the emission ratio, which is not simply sigmoidal. In fact, in the
absence of FRET and of other parasite events such as aggrega-
tion, a simple and reproducible sigmoidal trend of this ratio
should be expected as a function of pH, with the dynamic range
of the sensor being ca. 2 pH units across the pK, of the pH-
sensitive dye.

Track-etched membranes with 1D nanochannels are frequently
employed as pH sensors based on electrochemical measurements
after functionalization with pH-responsive groups.'”®"”” Addition-
ally, track-etching an optically translucent polymer, such as

(a)
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polyethylene terephthalate (PET), permits the development of
optical sensors. In 1D nanochannels, a similar approach to pH
sensing was investigated by Espinoza et al, who fabricated
track-etched PET membranes and used immobilized Fluores-
cein (Fluorescein isothiocyanate, FITC) or green fluorescent
protein (GFP) as alternative chemosensors.”” They employed a
grafting polymerization technique initially developed for PVDF
and PP membranes, which they then extended to PET mem-
branes with 1D hour-glass shaped nanochannels."”® Interest-
ingly, authors found that FITC is not anymore pH-responsive
when bound to the membrane, while GFP-immobilized track-
etched PET membranes qualitatively exhibited a low emission
at acidic pH and a high emission at alkaline pH, with repea-
table fluorescence responses to pH changes. They also demon-
strated the potential use of the developed sensor in biological
environments by monitoring the pH of an E. coli cell culture in situ
based on the emitted fluorescence intensity measurements.
Bulk fluorescence spectra can also be obtained by utilizing
fluorophores as analyte labels or immobilized on 1D nanochan-
nel walls. These optical readouts offer advantages in controlling
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(a) FRET dye pair (FITC, green, donor and RITC, orange, acceptor) functionalized mesoporous silica film changes its fluorescence emission

intensity (red spheres in the right graph) as a factor of changing pH. This change agrees with the pH-dependent transport properties of probe molecule
[Ru(NHz)gl> /4~ from electrochemical investigations (black spheres in the right graph). Reprinted from ref. 173 with permission from Elsevier. Copyright
2019, Elsevier. (b) Mixing of 4,40-(2,5-diethyl-3,6-dioxo-2,3,5,6-tetrahydropyrrolo[3,4-clpyrrole-1,4-diyl/dibenzaldehyde (1) with 4,40-biphenyl-
dicarboxaldehyde (2) and melamine (3) to fabricate different FL-SNW-DPP-; type POP membranes where y is the molar ratio of (1). Solid-state
photographic images of the samples with different y taken after placing the samples under UV-lamp (4 = 365 nm). Schematic representation of “porosity
induced emission” mechanism of the POPs. Adapted with the permission of ref. 174 Copyright 2015, Rocal Society of Chemistry. (c) (up) The schematic
diagram of the asymmetrically modified nanochannel in PET and the fluorescence confocal image of labeled L-Tyr/p-Tyr channels. (bottom) The change
of concentration with respect to time during the directional transport of R-NPX. Reprinted with permission from ref. 175 Copyright 2021, American
Chemical Society.
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channel properties for diverse functionalization paths and
providing an alternative sensing route for various applications.
Fluorescent sensors based on micro and nano-sized systems are
used in several areas, including biotechnology and medicine.'”®
In a recent example, an optofluidic biosensor was developed
based on an Anodic Alumina membrane (AAO) to provide a
rapid and point-of-care alternative for the testing and diagnos-
tics of the COVID-19 virus.®® After the fabrication of AAO
nanochannel membranes with diameters of 20-200 nm, the
probe DNA was immobilized on the nanochannel walls. The
target was labeled with Cy3, and it was shown that the large
surface area of the nanochannels increased the fluorescence
enhancement compared to glass templates. A correlation was
found between the fluorescence intensity and channel dia-
meter, where the highest intensity was observed for the nano-
channel with the largest diameter.

In the framework of 3D membranes, steady-state fluorescence
emission of fluorescently labeled nanopores has been widely
exploited in Porous Organic Polymers (POPs) for sensing
purposes.’** Among numerous examples, an interesting work
was published in 2015 to demonstrate that POP fluorescence
can be tuned by dosing the fluorophore concentration and the
system porosity (Fig. 3b)."”* More specifically, the authors have
covalently bonded 4-diketopyrrolo[3,4-c]pyrrole (DPP), a com-
mercial dye that normally suffers from ‘‘aggregation-caused
quenching”’ (ACQ), into the skeleton of POPs and demonstrated
that the porosity contributes to spatially isolating the DPP dyes,
efficiently canceling the ACQ effect. One of the synthesized
POPs was used to detect both nitro-aromatics, through a turn-
off mechanism driven by both energy and photoelectron trans-
fer from the POP to the analyte, and electron-rich molecules,
through a turn-on mechanism driven by photoelectron transfer
from the analyte to the POP."”*

The strategy of labeling nanopores with fluorescent dyes has
also been extended to hydrogels. For instance, chitosan hydro-
gels have been modified by incorporating different amounts of
NH,-Boron dipyrromethene (BODIPY) through Schiff base
formation via reaction with terephthalaldehyde. The resulting
fluorescent hydrogels showed an intense emission with a
maximum at wavelength of 515 nm (1 = 380 nm). Fluores-
cence emission and lifetime measurements conducted using
time-correlated single photon counting (TCSPC) revealed a
significant decrease in emission upon exposure to Hg>" and
Hg', while other metal ions did not induce notable changes.
X-ray photoelectron spectroscopy (XPS) and FTIR confirmed
that the C=N bonds of the Schiff base serve as recognition sites
for Hg>*/Hg", forming a strong chelation.'®® Fluorescent micro-
gels based on poly(N-isopropylacrylamide) (PNIPAm) were
synthesized by copolymerizing NIPAm with hyperbranched poly-
siloxane (HBPS) carrying vinyl groups. The emission observed
from the resulting HBPS@PNIPAm microgels is attributed to
HBPS, which exhibits a typical aggregation-induced emission
(AIE) behavior, emitting intense light in aggregated states through
the restriction of intramolecular motion. The characteristic
thermo-responsiveness of PNIPAm was preserved in these new
microgels, with a notable increase in emission intensity observed

© 2024 The Author(s). Published by the Royal Society of Chemistry
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around 30-35 °C, corresponding to the volume phase transition
temperature of PNIPAm. Furthermore, the emission of
HBPS@PNIPAm was significantly quenched by a resonance
energy transfer (RET) mechanism upon loading Luteolin, an
antioxidant flavonoid, into the microgel. This phenomenon
was effectively leveraged to monitor the release of Luteolin
from the hydrogel by quantitatively tracking the increase in
hydrogel emission intensity over time, indicative of drug
leakage.'®!

Direct detection of fluorescent analytes is used to quantify
the different ionic cargo transport through the nanoporous
membranes as a factor of increasing diffusion time. Differently
from the Ca®* ion binding methods (see below), this method is
used to analyze the amount of fluorescent dye diffused through
multipore nanoporous membranes rather than single pore
films, and the analyte emission is studied after the analyte
diffusion in the permeate container but not at the nanopore
sites."®*%® In this technique, the ionic transport through
multiporous membrane films was mainly quantified by UV-
VIS spectroscopy since the analyte amount, and the absorbance
signal intensity can be easily (linearly) correlated using Beer-
Lambert’s equation.'®*'8°7'%% However, in recent years, analyte
diffusion dynamics through nanoporous membranes have also
been extensively studied by fluorescent emission.>*2>1907193
Together with quantifying the analyte (e.g, ion) diffusion, using
fluorescently emitting dyes also provides further advantages
over UV-VIS measurements, such as microscopically resolving
the dynamics of the analyte diffusion at the membrane/perme-
ate phase interface.****%°

1D nanochannels can be integrated as abiotic alternatives to
biological channels for sensing and separation purposes. For
example, proteins are valuable biomarkers, as their concentra-
tions can indicate specific diseases.'”>'®” In addition to con-
ventional methods like ELISA or immunoassays, resistive pulse
sensing offers a sensitive approach to protein detection. Zhang
et al. utilized a tailored conical nanochannel (dpase: 1000 +
80 nm, dyp: ~5.6 nm) in PET for detecting HIV-1 protease.'”®
Fluorescence spectroscopy was employed to validate successful
translocation events through the nanochannel. To achieve this,
an enhanced fluorescence pro