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Fluorescence methods to probe mass transport
and sensing in solid-state nanoporous membranes

H. Samet Varol, 2 *? Dila Kaya, ' °© Emma Contini, (' Chiara Gualandi{? and

Damiano Genovese (2 *@

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
uncovered the effects of nanoconfinement, membrane stability, and performance. This review article aims to
provide the reader with a handbook of fluorescent methods—from the simplest to implement to the most
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
limitations of the current state of fluorescence probing techniques and their future prospects.
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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

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

View Article Online

Review

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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Fig. 2

1D and 2D
nanoporous membranes
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3D
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(c)
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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

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


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ma00705k

Open Access Article. Published on 09 9 2024. Downloaded on 2025-10-31 3:14:19.

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

(cc)

Materials Advances

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 protein with similar dimensions to
HIV-1 protease was introduced to the modified base side of the
nanochannel under a voltage bias of 800 mvV, driving the
analyte towards the tip side. After three hours, the fluorescence
intensity of the tip side compartment significantly increased,
confirming analyte transport. Moreover, the research group of
Haibing Li, has recently published several articles on selective
transport through solid-state nanochannels.’*®°" In a recent
example, PET track-etched membrane with hourglass-shaped
nanochannels were asymmetrically modified with r-tyrosine
(t-Tyr)/p-tyrosine (p-Tyr) for the enantiomeric separation of a
chiral drug, naproxen (NPX) (Fig. 3c)."”® The smallest part in
the middle of the nanochannel was 10 nm, while both large
openings were ~ 500 nm. Here, an important undertaking was
to increase the enantioselectivity of the nanochannels with
asymmetric modification prior to the mass transport of the
racemic NPX sample. For this part, qualitative confirmation of
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the modification was realized through confocal imaging using
two different fluorescent groups, fluorescein isothiocyanate
(FITC) and rhodamine B (RhB), for the labeling of t-Tyr and
p-Tyr, respectively (Fig. 3c-up). The directional mass transport
of S/R-NPX through modified channels, solely driven by a
concentration gradient, revealed that the transport rate of
S-NPX was over 5 times greater than R-NPX (in the direction
from r-Tyr-modified side to the other). Additionally, the active
transport of S/R-NPX through asymmetrically modified nano-
channels without any applied voltage was demonstrated by the
quantitative evaluation based on the changing intensity of the
fluorescence emission. The change in concentration with time
is shown in Fig. 3c-bottom for the directional transport of
R-NPX. The same research group also conducted selective
transportation and enantiomeric separation of S/R-NPX using
conical nanochannels within PET membranes.”®> This was
achieved by employing self-assembled layers of B-cyclodextrin
for selective interaction, with quantification relying on the
fluorescence intensity of the transported analyte. Additionally,
direct fluorescent analyte detection is routinely used to
determine the surface charge density of multiporous 1D
nanochannels.?5198:203:204 Here the measurement is based on
electro-osmotic flow of phenol and monitored by the change in
the fluorescence intensity of the permeate half-cell.

In another study, polyimide (PI) nanochannels were
employed as synthetic biomimetic systems to understand the
protein transport process through nuclear pore complexes.**
Bovine serum albumin (BSA) was selected as the model analyte.
Given BSA’s chiral selectivity towards cysteine enantiomers, the
nanochannels were functionalized with L-cysteine (1-Cys) and p-
cysteine (p-Cys). BSA was transported through the nanochan-
nels via electro-phoresis and electro-osmosis under an applied
voltage. Mass transport rates were quantified through fluores-
cence intensity analysis of the permeate half-cell. The selectivity
coefficient, defined as the ratio of the BSA flux through 1-Cys
and p-Cys modified channels, was found to be 2.7. This chiral
effect, indicating preferential protein translocation, was also
observed in resistive-pulse sensing experiments using modified
single nanochannels.

One known example of detecting time-dependent diffusion
of differently charged ionic fluorescent analytes through 2D
nanoporous membranes is to show the high anion selectivity of
Janus membranes prepared via the phase separation of two
block copolymers.”* The asymmetric geometry of these Janus
membranes, and thus, their high anion selectivity, enables very
effective osmotic energy conversion with high power densities
(ca. 2.04 W m™?) after mixing natural seawater and river water.
A 2D nanoporous composite membrane consisting of a gra-
phene oxide layer sandwiched between two ultrathin layers of
polydopamine was also recently used for osmotic energy
conversion.”” Thanks to its sufficient cation selectivity, this
layered 2D membrane has an enhanced surface charge density
guiding a power density generation of 3.4 W m™? under
the river and seawater. The high cationic selectivity of this
membrane was determined by using an ionic diffusion setup
and quantifying the higher permeability rate of rhodamine 6G
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(as cationic dye) than that detected from sodium fluorescein
(anionic dye).

The diffusion of fluorescent analytes through nanoporous
3D polyelectrolyte membranes (PEMs) has been extensively
investigated by Wen L. and coworkers.”>?°>?% In a series of
papers they have prepared different types of PEMs, including
polyether sulfone/sulfonated polyether sulfone (PES/SPES)
membranes,”” sulfonated poly(ether ether ketone)/poly(ether
sulfone) (SPEEK/PES) membranes,**® and poly [3-cyanomethyl-
1-vinylimidazolium bis (trifluoromethane sulfonyl) imide]/poly
(acrylic acid) (PCMVIMTf2N/PAA).>> These membranes, pro-
duced through potentially scalable processes generating inter-
connected pores with diameters ranging from 10 to 100 nm,
have been engineered for salinity gradient power generation.
Depending on the specific ionic polymers, the authors devel-
oped membranes selective to the transport of either positive
ions?°®*°” or negative ones.*” To deduce information about the
ion transport properties of the membranes, they tested the
membrane permeability towards two oppositely charged fluor-
escent dyes, namely sulforhodamine (anionic (—) dye) and
rhodamine 6 G (cationic (+) dye), by quantifying the diffusion
of charged compounds through the membranes via their
emission intensity. The authors also applied the same experi-
mental methodology to hydrogels intended for salinity gradient
power generation,>*?%®

4.1.2. Method-2: widefield and laser scanning confocal
microscopy. Widefield microscopy and laser scanning confocal
microscopy (LSCM) offer distinct advantages in visualizing
dynamic molecular processes within or in the direct vicinity
of nanoporous structures, contributing to a deeper understand-
ing of molecular transport phenomena and all other processes
contributing to the activity of nanoporous materials, including
molecular adhesion to pore walls, reversible or irreversible
interactions, transport of non-fluorescent small or large mole-
cules, enabling the development of advanced sensing plat-
forms. As described previously in Section 2, integrating these
microscopy methods (in particular confocal microscopy) with
time-resolved excitation and detection and/or with spectral
detection can yield time-resolved imaging (the Fluorescence
Lifetime Imaging Microscopy technique — FLIM) and/or spec-
tral imaging (or “true-color” confocal images).

On the other hand, pushing these two microscopy techni-
ques to their sensitivity limits can lead to advanced microscopy
methods single molecule localization microscopy (SMLM),
fluorescence correlation spectroscopy (FCS), or stimulated
emission depletion microscopy (STED), techniques that will
be discussed in the following Method section.

4.1.2.1. Aggregation-induced emission (AIE). Confocal micro-
scopy stands out as a convenient method to increase optical
contrast, minimizing out-of-focus emission. Contrast can also
be enhanced by specific processes based on the photochemical
properties of the luminescent dyes: fluorogenic and lumino-
genic dyes are molecules that are initially non-emissive and
only become emissive upon specific conditions or transforma-
tions, allowing to monitor with high contrast when and where

© 2024 The Author(s). Published by the Royal Society of Chemistry
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such conditions are met. Among luminogenic dyes, those based
on aggregation-induced emission (AIE) have been intensively
studied over the past decade.>**>'* Aggregation-induced emis-
sion luminogens (known as AIEgens) are nearly non-emissive
as individual molecules due to nonradiative decay pathways
through intramolecular motion. When these molecules aggre-
gate, this motion is restricted, resulting in strong fluorescence.

Fluorescence and ionic current measurements can yield a
sensor with a dual-signal output for detection purposes. Such a
device was developed based on a functionalized PET membrane
combined with AIE luminogens, allowing in situ, non-invasive
monitoring of H,0, released from living cells.”"* Cylindrical
nanochannels on PET were modified in a two-step approach
with hydroxyl groups, as shown in the schematics in Fig. 4a, to
serve as capture probes for tyrosine-containing TPE (tetraphe-
nylethylene) derivative AIE luminogen (TT). In the presence of
H,O0, released from living cells, and added horseradish perox-
idase (HRP) enzyme, the luminogen formed linkages in the
nanochannels, effectively blocking them. SEM images of the
functionalized nanochannels showed that before and after
adding H,0, (10 uM), the average diameters of the nanochan-
nels were 27 =+ 3 nm and 7 + 1 nm, respectively. The LSCM
observations in Fig. 4a (bottom) show that the fluorescence
intensity was highest for the combination of TT + HRP + H,0,.
Consequently, a dual-signal could be used for the quantitative
H,0, detection, where the ionic current exhibited an “off”’ state
with the reduced current flow because of the partially blocked
nanochannel, while a heightened fluorescence was observed
due to the linkage of the luminogens.

Although 1D nanochannel sensors based on electrical
responses are widely employed, some issues persist. Monitor-
ing conductance changes through nanochannels is influenced
by environmental factors. To improve accuracy, combining
ionic current signals with optical methods, i.e., fluorescence,
allows direct observation of whether current changes are due to
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actual blockages. Electro-optical methods in 1D nanochannel
systems have so far been implemented for the detection of
analytes such as ions*'**'* and small molecules.>’®>'” A novel
dual-signal-output nanochannel detection system was devel-
oped by Xu et al. that combines fluorescence and ion current
signals to detect Hg>" ions by the use of S~ ions (Fig. 4b).*"
Here, PET nanochannel was functionalized with the capture
probe (6-aminouracil), yielding an on state for ionic current
and an off state for the fluorescence readout. When Hg>*
and AIE molecules (TPE-2E)(TPE-2T) were introduced into the
nanochannel, long complexes were formed on the interior
channel wall, blocking the ionic current but introducing
aggregation-induced fluorescence emission. S*~ ions were cho-
sen as the recovery agent and unblocked the nanochannels.
Importantly, repeated plug-unplug processes and successive
calibration curves, showcased reversible switching properties,
alternatively switching between on and off states for both
signals (Fig. 4b).

The primary structure of 2D nanoporous COFs with the
strong m-7 interactions can lead to rapid quenching due to
the thermal decay of photoexcitation in photocarrier systems,
resulting in decreased fluorescence with an increasing number
of layers.”® However, Wang et al., showed that post-processing
and activation of COFs could induce desired geometries to
enhance or decrease emission collected from these COFs films
with different interlayer spacing and nanopore sizes around
4 nm (Fig. 5a(i)).>'® They demonstrated that the interlayer
distance (3.7 A) of the stacked 2D - COF thin membranes with
high fluorescence emission decreases significantly (to 3.4 A)
after the effective solvent removal at cryogenic temperatures
(Fig. 5a(ii)). Such decreased interlayer distance changes the
aggregate-induced emission (AIE) in phosphorescence and
makes the sample non-emissive (Fig. 5a(ii and iii)). Time-
resolved emission decays (TCSPC) of these COF thin films at
77 K and 298 K showed that upon an increase in interlayer
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(a) (Top) Schematics of the functionalized nanochannels for H,O, analysis using HRP and AlEgen (TT) oligomerization reaction. (middle) SEM

images of the functionalized nanochannels before and after adding H,O, (10 uM). Scale bars are 100 nm. (Bottom) CLSM observation of the nanochannel
membrane in different conditions. The membrane thickness is ~12 um. Adapted with the permission of ref. 212 Copyright 2020, Wiley. (b) Schematics of
the electro-optical detection in PET nanochannel membrane and its reversibility modulated by Hg®" and S*~. Reprinted with permission from ref. 213

Copyright 2016, American Chemical Society.
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(a) Ilustration of COF stacking arrangements and its relation to optical fluorescence emission. (i) Schematics presenting COF activation via

decreasing the interlayer distance and influencing the AIE and ACQ (ii) As a factor of decreasing interlayer distance (i) and the temperature detected
phosphorescence emissions increase. Reproduced from ref. 218 with permission from the Royal Society of Chemistry. (b) Chemical structures
poly(sodium p-syrenesulfonate) hydrogel (1) and ammino-derivative of TPE employed for the synthesis of the hydrogel (2) and the cartoon
representation of the formation and bioresponsive reversible properties of the supramolecular fluorescent hydrogel in the presence of ATP (3).
Reproduced from ref. 219 with permission from the Royal Society of Chemistry.

spacing, there is also a decrease in the intramolecular rotation
barriers playing a role in the phosphorescence.

Covalent triazine frameworks (CTFs) are one of the main
classes of porous organic polymers together with COFs. CTFs,
with their triazine ring units, offer stable and adjustable porosity,
ease of architectural modification, and robust performance under
acidic or alkaline conditions.””® Recently Tang et al proposed
incorporating AlEgen blocks into 2D fluorescent covalent triazine
framework (F-CTF) nanosheets to create a highly luminescent
material for detecting and removing nitrofurans (NFs) from
water.””" The F-CTFs demonstrated high adsorption capacity,
rapid adsorption rates for NFs, and 99% efficiency of NF removal
after equilibrium.

In 3D-polymeric based materials and membranes, the use of
AIE dyes for qualitative (e.g., fluorescent emission “on”/“off”)***
and quantitative (e.g., gradually changing fluorescence lifetime
sensing is a fairly well-established technique to sense changes
in the matrix, such as strain and aging. These dyes can be easily
incorporated into polymeric based materials by simple disper-
sion or by covalently bonding the dye to the polymeric chains.
In particular, the covalent incorporation of AIE dyes into
polymeric hydrogels is of great interest since it could provide
valuable insight into the gelation process without having to
perform destructive analysis, such as rheological tests.>**>**
During hydrogel gelation the mobility of the chains becomes

)223
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limited due to the formation of either covalent or non-covalent
bonds and such RIM effect leads to an increase in the emission
of AIE dyes present in the hydrogel. This theoretically allows us
to follow the gelation-induced decrease in mobility by following
the emission intensity in real-time.”** For a detailed descrip-
tion of these systems, readers are invited to refer to recently
published reviews.”*>*>® Moreover, when dealing with stimuli-
responsive hydrogels, other processes such as degradation and
variation in the chemical surrounding, temperature, and pH
can induce contraction or expansion in the hydrogel network,
thus leading to changes in the emission intensity of AIE when
introduced in the network.>””*® Concerning the study of mass
transport, several studies report using AIE-containing hydro-
gels for real-time studies on the drug release process.>*??2923°
In this context, two different approaches have been employed:
(1) the use of drugs labeled with AIE dyes or (2) the use of
stimuli-responsive hydrogels functionalized with AIE dyes.
In the first approach, when the AIE-functionalized drug is
embedded in the hydrogel, the mobility of the dye is limited,
and thus, its emission intensity is enhanced; conversely, when
the drug is released, its mobility is higher, thus leading to a
decrease in emission intensity.?** This approach was employed
by Wang et al®*° to study the release of non-conjugated
luminescent polymers (NCLPs) presenting both AIE and anti-
bacterial properties from a sodium alginate (SA) hydrogel.
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By first developing a calibration curve correlating the concen-
tration of NCLPs in the hydrogel and emission intensity, they
determined its cumulative release by collecting the hydrogel’s
emission spectra after different incubation times in a PBS
buffer. Moreover, by analyzing the hydrogel under a fluores-
cence microscope, they could also visualize the release through
the after mentioned decrease in emission intensity. Conversely,
in the second approach, the hydrogel is functionalized with an
AIE dye that displays different emission intensities when
specific molecules are present or absent, thus making it possi-
ble to detect analytes entering the pores.”*® This approach was
employed by Wang et al.>'® for developing a bio-responsive
hydrogel that can signal the presence of adenosine tripho-
sphate (ATP). In the study, they developed a poly(sodium
p-syrenesulfonate) hydrogel crosslinked via electrostatic inter-
action with an ammino-derivative of TPE (Fig. 5b(1) and (2)).
Due to the strong electrostatic interaction between the polymer
and the TPE-derivative the obtained hydrogel was found to be a
strong emitter as schematized in Fig. 5b(3). When ATP was
added, the phosphate groups of the biomolecule were found
to disrupt the hydrogel by interacting with the chromophore,
thus leading to both a sol-gel transition and a decrease in the
emission intensity (Fig. 5b(3)).

4.1.2.2. Widefield/epifluorescence microscopy. Traditional
widefield/epifluorescence microscopy is a widely employed
imaging technique that excels in its simplicity and versatility.
Iluminating the entire field of view with a broad light source
allows for observing fluorescently labeled molecules as they
traverse through nanoporous membranes. Widefield micro-
scopy offers rapid imaging capabilities and is particularly
suitable for capturing large-scale molecular transport events
collected, for instance, in situ, from the membrane films and
their surrounding environment. However, as explained above,
it may suffer reduced contrast and resolution due to out-of-
focus fluorescence signals from regions above and below the
focal plane.

One main use of widefield fluorescence imaging of nano-
porous membranes is the fluorescent indicator dye sensing using
Ca*" ion binding to an indicator dye. In general, as the common
step of the fluorescent indicator dye sensing methods, a
nanoporous membrane is placed between two containers, and
the transport of Ca>* ions or other fluorescent analytes from
one container to the other container is triggered by: (i) electro-
migration based on the applied voltage difference, (ii) diffusion
based on the concentration difference and (iii) filtration based
on the applied external pressure.>*" For the Ca®* ion - indicator
dye-binding technique, via an applied electric field, Ca®>" ions
start traveling from one container to the second container
where the Ca®" ion indicator dyes such as Fluo-8,2***3 Rhod-2,>**
are present. During the transport of Ca®" ions through the nano-
pores, Ca>* ions interact with the indicator dyes and emit fluores-
cence signals. The emitted fluorescence signal is proportional to
the Ca”* flux at the nanopores. Ca*>* binding to Fluo-8 dye was used,
in part, to quantify the ionic transport through hydrophobic 1D
nanochannels in AAO prepared by silanization modification.>

© 2024 The Author(s). Published by the Royal Society of Chemistry
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The ion transport process was found to be influenced by metal
ions as well as proton and hydroxide ions. For the demonstra-
tion of this finding, Ca®* ions were driven through the hydro-
phobic nanochannels under an applied electric field. As a result
of the applied negative voltage, Ca*>* ions were transported to
the other side of the membrane, where they combined with the
Fluo-8, generating a fluorescence response. Moreover, this
response increased by 2-fold when the bias voltage was elevated
from —1 V to —2 V. Among the recent studies for 2D nanopor-
ous membranes, this technique is mainly used to study the
biomolecule (DNA, RNA, folded proteins) translocation at
nanopore(s) inside a 2D film (e.g., SiN,) and when a biomole-
cule translocates at the nanopores then this effect the Ca*" flux
and thus the detected fluorescent emission intensity.?*>72%°

Epifluorescence imaging is routinely integrated as the fluor-
escent method of choice in 1D sensor and detector design for
biomolecules. Direct visualization of transport processes has
the potential to pave the way for the development of porous
structures with tailored characteristics. Track-etched polypro-
pylene (PP) membranes with ~ 500 nm-diameter nanochannels
were incorporated for the fluorescence imaging of individual
quantum dots (CdSeS/ZnS, core/shell nanocrystals) with dia-
meters of ~10 nm.>*® Here, the authors employed an epilumi-
nescence microscope to capture images of adsorbed quantum
dots following ultrafiltration. Their observations revealed that
the adsorbed quantum dots could be imaged down to a depth
of 10 pm with a decrease in the number of quantum dots as the
focal depth increased. 1D nanochannels and their widefield
fluorescence imaging are employed to detect other analytes
such as ions. Recent examples have demonstrated selective
detection of copper ions (Cu®*) through fluorescence quench-
ing. In such a nanofluidic device utilizing AAO nanochannels
(pore diameter is 200 nm), Cu®>" detection was achieved with a
detection limit as low as 4 fM.>*” Here, the synergistic effect of a
high-porosity metal organic framework (ZIF-8) and fluorescent
quantum dots (CdSe QD) was incorporated in the design of the
AAO membrane. After the ZIF-QD composite was loaded on the
AAO nanochannel membrane, it was possible to visualize
the surface via an inverted fluorescence microscope. The Cu>*
was enriched on the AAO surface by applying 5 V potential,
which caused the fluorescence quenching with respect to the
ion concentration. Another robust sensor application for Cu**
was based on conical track-etched nanochannels in PET
membranes.”™* The nanochannels were covalently functiona-
lized with peptide-like sequence coupled with a fluorophore,
5,6-corboxyfluorescein. The formation of the peptide-metal
complex, which serves as the primary mechanism for fluores-
cence quenching, was found to be pH dependent. A pH of 6.5
was explicitly selected for detection, ensuring selectivity
towards Cu®" ions. The decrease in fluorescence intensity
exhibited a linear dependency within the range of 0-60 pM.
Furthermore, the sensor could be reused up to seven times
without losing its sensing capabilities. These examples high-
light that 1D nanochannels offer a rapid and highly sensitive
sensor platform for both qualitative and quantitative detection
of copper ions in solution.
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8-Hydroxyquinoline-functionalized 2D covalent organic fra-
mework (COF-HQ) membrane is an interesting example of a
fluorescent pH-reporting (sensing) material (Fig. 6a).>*® For
their work in 2018, Wang and colleagues synthesized these
novel COF-HQ through a Schiff base reaction, and the char-
acteristic pore diameter and the spacing between the COF
layers were reported as 1.4 nm and 3.62 A, as presented in
Fig. 6a (top-left). In aqueous solution and steady-state fluores-
cence investigations, they found that the fluorescence intensity
of COF-HQ increased as a factor of higher environmental pH
(Fig. 6a (top-right)). As an optical chemical sensor, COF-HQ
demonstrated the ability to differentiate various acidic solu-
tions within the pH range of 1 to 5, exhibiting rapid response
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times and straightforward operation. As presented in Fig. 6a-
bottom, incorporating COF-HQ into a mixed matrix membrane
(MMM) showcased its potential for practical applications and
processability in composite film forms that can qualitatively
(eye-visible color variations) report changing pH. The color of
the COF-HQ-loaded composite membrane transitioned to black
with increasing acidity within just one minute, providing a fast
and visually recognizable detection method. pH-dependent
fluorescence quenching was quantified by epifluorescence
images of the free-standing films in contact with different
acidic solutions. It was attributed to the porous nature of
COF-HQ, facilitating the penetration and diffusion of protons,
thereby disrupting the p-electron conjugation of HQ grafted
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Fig. 6 (a) (top-left) Top and side view schemes of 8-hydroxyquinoline-functionalized covalent organic framework (COF-HQ). (top-right) The relation
between probed environmental pH and the fluorescence intensity. (bottom) Naked eye visible pH-dependent color changes of the free-standing COF-
HQ based matrix membrane. Reprinted with permission from ref. 238 Copyright 2018, American Chemical Society. (b) (i) Schematics of functionalization
of the CD-self-assembled nanochannel membranes, (i) the fluorescence confocal microscope images of nanochannel membranes before and after
NPEAD modification and CD self-assembly. Reprinted with permission from ref. 202 Copyright 2020, American Chemical Society. (c) (top) CLSM z-stack
image of iridescent, luminescent chiral nematic CdS QD loaded mesoporous silica film presenting the film’s (large area) surface and (top and right) cross-
section. (bottom) Fluorescent lifetime decays of the CdS/mesoporous films that were fabricated differently and the inset presents corresponding
histograms of pixel-by-pixel lifetime distributions of these films. Adapted with the permission from ref. 241 Copyright 2013, Wiley. (d) (i) Bird view of the
setup employed for transient molecular transport measurement using inclined microscopic observation; (ii) cross-sectional view of the channel
containing the gel layer; (iii) side view of the channel with the observed focal plane indicated with a blue line; (iv) transient permeation of uranine from the
upper liquid layer to the lower hydrogel layer. The colored bar shows the normalized fluorescence intensities. Reprinted with permission from ref. 242
Copyright 2019, Plos One.

Liquid layer | Hydrogel layer Liquid layer
0s
g
N
*

1 0 (2l

8368 | Mater. Adv,, 2024, 5, 8351-8383 © 2024 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ma00705k

Open Access Article. Published on 09 9 2024. Downloaded on 2025-10-31 3:14:19.

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

(cc)

Materials Advances

within the COF-HQ structure. Besides pH-detection, epifluor-
escence microscopy helps study molecular selectivity and per-
meability inside various 1D and 2D nanoporous membranes.
Another known example of fluorescence microscopy is studying
the time-dependent molecular permselectivity through 2D
silica nanoporous membranes prepared by electrochemically
assisted self-assembly (known as EASA)**® and Stoeber solution
growth methods.**® These two methods yield structures with
uniform nanopore sizes typically ranging from 2 to 3 nm, and
high pore density that could reach values up to 7.5 x 10" cm 2.
Therefore, such 1D nanoporous silica membranes are particu-
larly well-suited for separating small molecules. For instance, in
2015, PMMA-assisted transfer combined with Stober-solution
growth approach was used to fabricate free-standing ultrathin
(10-120 nm thickness) multiporous (ca. 2.3 nm pore size) 2D silica
nanoporous membrane films and used for precise and rapid
molecular sieving monitored by time-dependent epifluorescent
microscopy imaging.'”> Time-dependent molecular transport
through the ultrathin nanoporous films was investigated by a
microfluidic device functioning with fluorescence microscopy
under electrochemical stimuli and detection. In the end, they
reported that the cationic Ru(bpy);>" (where bpy = 2,2/-bipyridine,
diameter 1.3 nm) and Ru(dpp);>* (where dpp = 4,7-diphenyl-1,10-
phenanthroline, diameter 2.0 nm) could be effectively separated
based on their molecular sizes. Furthermore, compounds bearing
different charge states, such as the anionic fluorescein anion
(FL>7), neutral rhodamine B, and cationic Ru(bpy);>*, are sepa-
rated according to electrostatic interactions, which can be modu-
lated by varying the ionic strength of the solutions.

4.1.2.3. Laser scanning confocal microscopy (LSCM). Fluores-
cence microscopy and confocal imaging techniques are power-
ful approaches to visualize and quantify mass transport
phenomena within 3D nanoporous structures.”** However, in
the contest of this family of materials -up to now-this type of
characterization techniques has been mainly employed on the
structural characterization of hydrogel membranes, with a
particular interest in the visualization of the 3D network,>**>*¢
phase separation in mixed systems®*’>*° and sol-gel transi-
tion?*>?*! rather than mass transport-related processes. These
topics have been thoroughly discussed in two recent review
articles by Saini et al.”>>* and Zhong et al.>>® Nonetheless, the
visualization of analyte diffusion is of great interest since it
could provide useful insight into the design of 3D nanoporous
membranes. In fact, by tracking the emission of luminescent
analytes in space and in real-time, it is possible to gain valuable
insights into factors like pore connectivity, diffusion coefficients,
and potential transport barriers within the membrane.**®

Compared to widefield/epifluorescence imaging,
scanning confocal microscopy (LSCM) presents a powerful
solution for three-dimensional imaging with enhanced spatial
resolution. As mentioned in detail previously (in Section 2), by
employing a pinhole to collect light from a single focal plane
selectively, confocal microscopy eliminates out-of-focus fluores-
cence, resulting in improved contrast and clarity in imaging.
This capability enables resolving activities of various functional

laser
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nanomaterials or nanocoatings with surrounding or in-contact
media from a nm level.>>**>® For nanoporous membranes,
LSCM helps to precisely visualize molecular transport dynamics
within specific regions of nanoporous membranes, offering
insights into pore structure, connectivity, and diffusion pro-
cesses. Additionally, confocal microscopy facilitates the acqui-
sition of optical sections and three-dimensional reconstruc-
tions, providing a comprehensive view of mass transport
phenomena at the nanoscale.

LSCM was conducted to explore the chiral selectivity of
bovine serum albumin (BSA) for the cysteine-modified PI
nanochannels (1D). Following the transport of fluorescein
isothiocyanate (FITC)-labeled BSA through modified nanochan-
nels for 10 minutes, LSCM revealed intense fluorescent signals
throughout the porous membrane, indicating the presence of
BSA adsorbed on the nanopore surfaces for 1-Cys modified
nanochannel while the D-Cys modified nanopores exhibited
weaker fluorescence.”®*

An important part of 1D nanochannel based systems is the
functionalization for improved sensitivity and selectivity.
Fluorescence and confocal imaging are employed to confirm
various functionalization routes by detecting changes in the
fluorescent properties of the functionalized nanochannels.'”>'*?>¢
For instance, asymmetric modification of polymer nanochannels
was visualized (qualitatively) by confocal imaging.”" Fluorescein
isothiocyanate (FITC) and Rhodamine B (RhB), were used to
label 1-Tyr and b-Tyr, respectively, which led to two distinct
regions in the image, confirming the asymmetric surface modi-
fication (recall: Fig. 3c). The same group also used similar
confocal imaging to visualize cyclodextrin (CD) self-assembled
nanochannel membranes for chiral separation of drug
enantiomers.””> Through EDC chemistry, they first covalently
functionalized the surface of the conical nanochannels with
N-phenylethylenediamine (NPEDA) (Fig. 6b(i)). On this layer,
o-, B-, and y-CD were self-assembled. Based on the confocal
images in Fig. 6b(ii), it was shown that y-CD could not self-
assemble on the NPEDA layer due to its large cavity. In the end, it
was concluded o-CD was incapable of chiral identification and
only the B-CD-self-assembled nanochannel membrane could
effectively regulate chiral transport. In another example, fluores-
cence properties of coordination polymers were utilized for
qualitative visualization of the functionalization of the AAO
surface to be used in a high-performance Janus Device for
sensing purposes.”> While AAO itself is not fluorescent, the
assembly of coordination polymers on the nanochannel surface
(both on the open surface and inside the nanochannels) enabled
accurate observation (emission) through scanning confocal
microscopy.

In a further example of ionic detection, a dual-signal nano-
sensor was developed for reusable Hg** sensing based on FITC
and hydrazine functionalized 35 nm AAO nanochannels.®’
Here, the change in the current response was due to the surface
charge-reversal of the nanochannel, and the fluorescence inten-
sity enhancement (studied by confocal z-stack imaging) was
caused by Hg**-induced ring opening mechanism. To assess
the sensing abilities of the device, a fluorescence gating ratio
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was defined as ((F — Fo)/Fy, 518 nm) where F, and F are the
fluorescence intensity at 518 nm before and after the introduc-
tion of Hg”?". For 10 uM Hg*", this ratio was 5.7. Furthermore,
the sensor could be restored to its initial state by N,H, treat-
ment and reused multiple times. The ionic flow through 1D
nanochannels can be controlled by applying various gates,
such as pH, electric field, light, temperature, or ions. Through
functionalization routes, solid-state nanochannels can switch
between “on’” and “off” states in the presence or absence of the
applied gate, similar to biological nanochannels. Such a device
engineered featuring conical nanochannels in PI modified with
the functional probe multi-amino conjugated rhodamine B
(NH,-RhB) for ATP-activated ionic transport gating.>*® This
platform utilized a dual-signal approach involving ionic current
and fluorescence measurements. Ionic current measurements
demonstrated that the modified nanochannels could selectively
respond to ATP with a detection limit in the femtomolar range.
Additionally, the reversibility of the target-probe interaction
was achieved by immersing the membrane in a pH = 4.4
solution. This on-and-off behavior was qualitatively visualized
through confocal fluorescence imaging, where, in response to
ATP, the nanochannel membrane transitioned from a non-
fluorescent to a fluorescent state, indicating good reversibility
for gated ionic transport.

Especially for the membranes with 1D nanochannels,
research has largely focused on modifying functional groups
on the inner walls of the nanopores, while the role of the outer
surface has been overlooked.>**°" However, recent experi-
mental studies have shown that probes attached only on the
outer surface of the membranes (not inside the pores) can
independently modulate ionic current, offering significant
advantages for in situ target detection. This is especially valid
for targets larger than the nanochannel diameter that cannot
pass through such as proteins, cells or viruses.>®* For instance,
in 2023, Qiao et al. used the free space on the outer surface of
1D nanochannel membranes to detect protein conforma-
tions.>®> They developed a platform combining nanochannel
arrays and protein origami structures to detect unfolded pro-
teins through both electrical and optical signals. The detection
mechanism relied on the specific interaction between malei-
mide groups of the probes on the outer surface of the mem-
branes and cysteine thiols in the protein. This selective
interaction results in changes in ion current and fluorescence
intensity of the nanochannel array quantified from the LSCM
images. This approach enables discrimination between folded
and unfolded protein states based on the exposure of indivi-
dual cysteine residues.

One particular application of LSCM imaging and various
steady-state fluorescent spectroscopy measurements is to inves-
tigate the liquid and gas phase TNT detection performance of
novel luminescent chiral nematic CdS QD filled mesoporous
silica film sensors (Fig. 6¢).*! Steady-state fluorescence emis-
sion results showed that these emissive films exhibit lumines-
cence quenching upon exposure to TNT solution or vapor,
indicating their potential as selective sensory materials for
the trace detection of TNT explosives. The authors used further
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stead-state fluorescence spectral measurements to demonstrate
CdS QDs’ survival during different calcination processes during
film fabrication. LSCM z-stack images of the films before (not
shown here) and after their calcination (Fig. 6c-top) qualita-
tively showed the good dispersion of the luminescent CdS QDs
in these films. Luminescence lifetime decay profiles of the
composite films before (CdS/silica/CNC) and after (CdS/silica)
their calcination (Fig. 6c-bottom) change significantly. The
prolonged lifetime of the CdS/mesoporous silica structures
(after calcination) can be attributed to the enhanced porosity
of the materials, which may facilitate air diffusion into the
silica pores during calcination. At the same time, the CdS QDs
may undergo annealing, creating a passivated surface through
oxidation.?*®*%3 Consequently, a gradual reduction in surface
carrier recombination processes occurs, thereby extending the
luminescence lifetime. Similar to the above-described work
used for detecting the molecular permeation at 2D nanoporous
silica membranes by time-dependent epifluorescence imaging,
also in 2021, Zhou et al. used LSCM images to understand the
ionic selectivity at mesoporous silica/macroporous alumina
(MS/AAO) frame-work-based nanofluidic heterostructure
membrane.”®* The presence of a mesoporous silica layer rich
in silanol groups and having a high specific surface area
confers several advantages to the heterostructure membrane.
It achieves a low inner resistance of about 7 KQ, exceptional ion
selectivity, and efficient osmotic energy conversion. In the end,
when exposed to a mixture of artificial seawater and river
water, the membrane exhibits a high power density of up to
4.50 W m™?, surpassing conventional 2D nanofluidic mem-
branes by 20 times and outperforming other 3D porous mem-
branes by around 30%. CLSM was used to demonstrate the
ionic selectivity of the MS/AAO heterostructure membrane
quantitatively by collecting confocal images from fluorescent
dyes with different charges upon permeation through the
membrane from a perpendicular direction setup. They realized
a higher fluorescence signal from the cationic dye throughout
the heterostructure membrane compared to the signal col-
lected from anionic fluorescence. In this way, they demon-
strated the precise cation selectivity of the heterostructured
membrane.

Regarding 3D membranes, the possibility of confocal micro-
scopy to create depth profiles is particularly valuable for study-
ing mass transport, allowing researchers to not only observe
the presence of fluorescent molecules within the pores but
also quantify their spatial distribution throughout the 3D
structure.>** Among numerous examples,>**>%>2%” an interest-
ing work was published in 2019 to report a new technique for
high time-resolved depth measurement of molecular concen-
tration distribution in a permeable hydrogel film (Fig. 6d).>**
Researchers have developed a novel technique for measuring
the depth profile of molecules permeating through a hydrogel
film. This method, called inclined confocal microscopy, utilizes
a modified confocal microscope equipped with laser-induced
fluorescence (LIF) (Fig. 6d(i-iii)). By tilting the focal plane,
researchers can achieve simultaneous depth scanning within
the microscopic field of view (Fig. 6d(iii and iv)). This enables
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real-time, non-invasive measurement of concentration distribu-
tion throughout the hydrogel with micrometer-scale depth
resolution (Fig. 6d(iv)). The study demonstrates the effectiveness
of this technique by monitoring the permeation of uranine,
a fluorescent molecule, from a liquid layer into a hydrogel. The
results reveal high time resolution (16.7 milliseconds) and a depth
measurement interval of approximately 1 micrometer (Fig. 6d(iv)).
The researchers were also able to determine the concentration of
uranine with an accuracy of 1.3 nanomoles per liter. This
approach offers valuable insights into the dynamics of passive
transport driven by concentration gradients within permeable
materials. In fact, by analyzing the concentration profiles, the
researchers determined the mass transport coefficient, a key
parameter describing the rate of passive transport driven by the
concentration gradient.

Besides its widespread impact on biomedical research,
fluorescence lifetime imaging microscopy (FLIM) coordinated
with confocal microscopy is also a powerful tool for studying
various luminescent material functions by combining the spa-
tial resolution of confocal microscopy with the temporal reso-
lution of FLIM.**®**’° In many sensing devices, photolumi-
nescence quantum yield (QY) is considered a critical parameter
for evaluating their efficiency. However, measuring the quan-
tum yield of luminescent molecules and nanocrystals in meso-
porous 2D membranes poses significant challenges, especially
when spatially resolved quantitative luminescence imagining
(e.g., high-resolution FLIM images) is required. In 2019, Ozelci
et al. proposed a new Drexhage-type experiment, utilizing
a silver-coated millimeter-sized sphere to modify the local
density of states, offering a sophisticated solution to this
problem.>”* Their FLIM image mapping detected local lifetime
changes of the fluorophores inside the mesoporous film from a
few ten micrometer resolutions. They also demonstrate that the
QY results collected with this novel imaging method agree with
those collected from the same dye in a solution at a different
pH. Their novel FLIM imaging approach bridges the gap
between single fluorophore studies and ensemble measure-
ments. It facilitates spatially resolved fluorescence measure-
ments of ultralow emitter concentrations in thin sensor films
or membranes, which function as optically active elements and
reporters.

4.1.2.4. Total internal reflection fluorescence (TIRF) micro-
scopy. Finally, TIRF allows precisely confine the excitation
energy (and thus the emissive molecules) to an extremely thin
layer above an interface with a large variation of refractive
index, for example glass/water interface. The principle of total
internal reflection fluorescence (TIRF) microscopy involves
directing an excitation laser light from a medium with a higher
refractive index to one with a lower refractive index at a larger
angle than the critical angle. This results in total internal
reflection at the interface and, thus, generates an exponentially
decaying electromagnetic field near the interface, which is
called the evanescent field. Consequently, single molecules
located far from this confined region (>200 nm) are not
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excited, thereby reducing background light and enhancing
signal specificity.

TIRF method, owing to its ability to deplete emission from
other layers than the ~200 nm thick layer excited by the
evanescent field, can help imaging nanoporous structures with
single molecule sensitivity (i.e., with high S/N), even when
coupled with electrochemical setup.’’>*”® For instance, the
high refractive index (n &~ 2.06) of 1D nanoporous SiN, mem-
branes was exploited to overcome its high transparency, due to
the minimal thickness, and to specifically visualize processes
occurring within the membrane. In 2010, Soni et al. introduced
asymmetric fluids on the cis (n ~ 1.33) and trans (n ~ 1.41)
sides, facilitating total internal reflection at the 20-30 nm thick
SiN, membrane film interface (Fig. 7a).””* They synchronized
ion current signals with fluorescent signals to monitor, for the
first time, the translocation behaviors of single DNA bio-
molecules through 4 nm SiN, pore. This method could also
be used to visualize various FRET tags to collect positional
information of molecules inside nanopores, and to image
multiple pores at a time. Recently, an innovative attempt has
been made to efficiently couple solid-state multi array nano-
pores with zero-mode waveguides (ZMW).>”>*’® 1In this
approach, researchers first employed a molecular-layer deposi-
tion method to create a cost-effective porous membrane. Sub-
sequently, a waveguide array was fabricated on the porous
membrane at the wafer scale. This porous membrane, contain-
ing serpentine confined pores, was used to electrophoretically
capture DNA at picogram levels.'®® Upon applying a bias
potential, the YOYO-DNA molecules trapped within the con-
fined spaces of the porous ZMW were selectively excited.
Inspired by this work of Bohn with ZMW, in 2017, Lu et al.
were able to study adsorption, desorption, and heterogeneous
single redox events of single resorufin molecules inside ca.
3 nm size ordered nanopores of 1D ultra thin (<100 nm)
mesoporous silica film coated on the top of ITO electrode by
using TIRF (Fig. 7b).>”” These narrow silica nanopores could
host redox molecules (resorufin, see molecule in Fig. 7b-
bottom) inside and restrict their diffusional motions. Single
molecule analysis from the collected TIRF data helped them to
precisely calculate the rate constants of the adsorption and
desorption processes at the nanopores. From fluorescent resor-
ufin to non-fluorescent dihydroresorufin redox events were
demonstrated by quantifying the change surface population
of single molecules upon the applied potential to the system.

4.2. Method-3: super-resolution and single-molecule methods
(STED, single-molecule localization microscopy, SMLM &
fluorescence correlation spectroscopy, FCS)

Especially in recent years, fluorescent single-molecule spectro-
scopy (SMS) has been developed among different microscopic
methods to directly monitor individual molecules’ behaviors
(dyes or analytes) in confined spaces. This advancement
enables spatial and temporal visualization, providing quantita-
tive insights into heterogeneous molecular dynamics within
diverse nanoconfinements in complex porous materials.>”®
Overall, three distinct SMS techniques-ie., techniques that

Mater. Adv., 2024, 5, 8351-8383 | 8371


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ma00705k

Open Access Article. Published on 09 9 2024. Downloaded on 2025-10-31 3:14:19.

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

(cc)

View Article Online

Review Materials Advances
(a) Ag/AgCI
headstage
Glasscoverstp Evanescent field
SIN membrane
" Sichip P
POMS outlet \ Mesoporous
uffers ™
e P*~—_»PH," / silica layer
. s ITo
100x 1.45NA_~~
objective
560 nm laser
2¢, 2H", -H,0 A Mo o, (Oxkcation AN
Reduction LA 1\ 2e, 2H* - R A A AN
o g o - (] Reduction o i o v OH
Resazurin (S) Resorufin (P) Dihydroresorufin (PH,)
Weakly fluorescent Highly fluorescent Non-fluorescent
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(orange color) sandwiched between two aqueous fluids. Schematic illustration on the left-top presents the flow cell setup to mobilize the ATTO647N
fluorophore conjugated DNA molecules towards the nanopores by the applied voltage and image them at this nanoconfinement. (Right) Images of the
SiN membrane where individual DNA molecules were trapped. Reprinted from ref. 274 with the permission of AIP Publishing. (b) (Top) Scheme presenting
the setup used for single-molecule electrochemistry detection from a porous 1D nanoporous silica-coated ITO electrode. (Bottom) Irreversible
reduction of Resazurin (weakly fluorescent) to Resofuring (highly fluorescent) and the redox reaction between resorufin and Dihydroresorufin

(non-fluorescent), which is reversible. Reprinted with permission from ref. 277 Copyright 2017, American Chemical Society.

require the highest sensitivity achievable in fluorescence micro-
scopy-are utilized to study the mass transport of fluorescent
dye molecules.

The first technique involves directly analyzing a series of
fluorescence microscopy images, or movies, of diluted fluores-
cent species. In these images, the fluorescence of individual
species appears as diffraction-limited patterns that can be
tracked and analyzed. Fluorescence of individual molecules
can be tracked, but it requires sufficient accumulation of
photons in each position; therefore, only slow motions of single
molecules are compatible (e.g., slow diffusion in a membrane
or through a pore); on the contrary, highly fluorescent species
such as QDs or dye-doped nanostructures containing hundreds
of dyes can be tracked more efficiently, even during Brownian
motion in a low viscosity solvent. This method, known as single
molecule tracking (SMT), or more generally as nano tracking
analysis (NTA), does not require model assumptions and allows
for the direct characterization of molecular motion in space
and time, yielding information on diffusion properties, envir-
onmental viscosity and confinement, and molecular assembly
or disassembly. SMT provides detailed observations of various
diffusion behaviors by analyzing the reconstructed trajectories.
The second technique is fluorescence correlation spectroscopy
(FCS). FCS employs a microscopy apparatus to observe the
diffusion of individual molecules as they enter and exit a
precisely defined small detection volume. Diffusion coefficients
can be extracted by statistically analyzing the temporal fluctua-
tions of detected fluorescence intensity I(t). A third set of
methods based on single-molecule imaging is the single-
molecule localization microscopy (SMLM). This family of tech-
niques enables the determination of individual molecule

8372 | Mater. Adv., 2024, 5, 8351-8383

positions with nanometer precision, allowing for the recon-
struction of images with lateral resolutions down to 10 nm and
axial resolutions down to 20 nm. This method relies on the
fact that the localization of single fluorescent species can be
determined with high precision if their point-spread functions
(PSF) do not overlap; therefore, the emitters should be spatially
isolated at a distance larger than the PSF, a condition that can
be obtained distributing the emitters in time. There are many
ways to temporally isolate the emission of species: one possi-
bility is to switch photoactivatable fluorophores between a
fluorescent (on) state and a nonfluorescent (off) state (photo-
activated localization microscopy, PALM) or to exploit the
dynamic nature of transient binding (binding activated locali-
zation microscopy, BALM). This switching mechanism permits
the detection of single molecules even in densely labeled
samples, facilitating high-resolution imaging.

Another method overcoming the resolution limit imposed
by diffraction is STED microscopy, which employs a targeted
depletion laser to selectively switch off fluorescence in specific
regions around the focal point. This process sharpens the
effective point spread function, thereby achieving nanoscale
imaging. One very interesting use of STED imaging was per-
formed to explain the electrochemical performance of 1D
conical nanochannels (Fig. 8a).?”?**° Such conical nanochan-
nels in polymer membranes are known to have unique electro-
chemical behaviors, caused by the asymmetry in their geometry
and fixed surface charges. Especially when the diameter of the
nanochannel is comparable to the electrical double layer
formed on the channel walls, the nanochannel will preferen-
tially incorporate ions of the opposite charge and reject ions
with the same charge.”®" The asymmetry in the nanochannel
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(a) Schematic illustration of uniform ALD coating on a single conical nanochannel and SEM images of the tip and base sides. The scale bar is

100 nm. Reprinted with permission from ref. 279 Copyright 2015, American Chemical Society. (b) (Left) Resistive pulse signals of a 1: 1 mixture of 22 b ss-
DNA and ds-DNA after 5 min and 10 min. (Right) STED super-resolution microcopy image at 30 min. Reprinted from ref. 280 with the permission of AIP

Publishing.

geometry also lowers electrical resistance compared to symme-
trical nanochannels, and a so-called “capture zone” with a
higher electric field at the tip side of the nanochannel is
formed.”®” To prolong the translocation times of analytes
within conical PET nanochannels, alumina (Al,O3) was depos-
ited onto the nanochannel walls using atomic layer deposition
(ALD) (Fig. 8a).>®® The obtained nanochannel was used as a
separation platform for single-strand (ss) and double-strand
(ds) DNA as well as a resistive-pulse sensor. It was demon-
strated that 22-base ss-DNA exhibited a higher affinity for the
alumina layer compared to ds- DNA, resulting in translocation
times increased by one to three orders of magnitude, as shown
in Fig. 8b- left. Stimulated emission depletion (STED) imaging
was conducted on the alumina-deposited membrane to eluci-
date qualitatively the mechanism behind the extended translo-
cation time and resistive-pulse sensing of ss-DNA. Based on the
super-resolution image presented in Fig. 8b-right and the
100 nm depletion ring in the image, it was suggested that ss-
DNA initially adsorbs to the alumina-coated nanochannel sur-
face before migrating into the conical nanochannel through the
tip side.

Membrane separation applications incorporating nano-
channels are challenging since nanoconfined solutes behave
differently than bulk, and a better understanding of the mecha-
nism for the solute-nanochannel interactions is needed if new
devices are to be developed. In an advanced chemical separa-
tion device for the dehydration of renewable biofuels, Rashidi
et al. explored with FCS the diffusion of Rhodamine B through
AAO membranes containing cylindrical (1D) channels of 10 nm
and 20 nm diameters, and with solvent compositions ranging
from pure ethanol to 33% water-ethanol mixtures (Fig. 9a).>%*
The study utilized single-molecule detection and Fluorescence
Correlation Spectroscopy (FCS) methods to quantitatively inves-
tigate the rates and mechanisms of RhB diffusion as functions
of AAO channel size, and solvent composition. With the experi-
mental setup shown in Fig. 9a(i), the translational motions of
individual RhB molecules at a depth of 5 pm could be detected.
The representative time transients for 2 nM RhB in Fig. 9a(ii)
yielded that fluorescence bursts were evident in all cases, but
bursts in bulk solution were too fast to observe. Due to the

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

slower RhB diffusion within AAO nanochannels, the bursts
were more distinct and longer. This visualization of single-
molecule events was crucial to understanding the dye diffusion
mechanism. Autocorrelations derived from fluorescence time
transient data (Fig. 9a(iii)) allowed the assignment of two
different dye diffusion mechanisms. The dashed lines were
the fitted data, while the dotted lines depicted the 95% con-
fidence intervals. Two distinct diffusion mechanisms were
unveiled: fast and slow 1D diffusion, both notably slower than
RhB diffusion in bulk ethanol. While fast and slow diffusion
increased with channel size, a complex diffusion process was
proposed for RhB mass transport under varying solvent com-
positions. Fast diffusion decreased with increasing water con-
tent due to hindered diffusion caused by heightened
hydrodynamic drag and electrostatic interactions. Conversely,
slow diffusion increased with water fraction, attributed to the
reversible adsorption of RhB dye to pore surfaces via electro-
static interactions or hydrogen bonding, potentially moderated
in mixtures with higher water content.

1D Nanochannels are also widely used to detect oligonucleo-
tides such as DNA, RNA by measuring the changes in the ionic
currents. In a recent example, a promising system was
proposed for detecting single molecules based on optical
methods (Fig. 9b).®* Track-etched membranes with varying
nanochannel diameters and lengths were incorporated in a
chamber where controlled pressure was applied to transport
various natural and synthetic polymer analytes, including
labeled DNA and fluorescent polymers. The device was placed
on an inverted fluorescence microscope to visualize the trans-
location events directly. Image processing and analysis were
important in detecting and assessing a series of simultaneous
events (Fig. 9b(ii and iii)). With the tools described in this work,
it was possible to characterize the molecular transport by
experimentally visualizing and measuring the translocation
events. Among other findings, it was shown that it is possible
to detect and discriminate two different DNA populations and
even quantify their volume fractions.

Especially in recent years, to understand the mass transport
and diffusion dynamics from a molecular level inside 1D and
2D nanoporous membranes, single molecule tracking (SMT)
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(a) (i) Experimental FCS setup with the expanded view of the AAO membrane. (ii) Representative time transients for RhB in a bulk ethanol solution,

ethanol-filled 10 nm AAO nanochannels, and ethanol-filled 20 nm AAO nanochannel, top to bottom, respectively. (i) Autocorrelation data (solid lines)
obtained from the same series of samples based on averages from multiple replicate measurements. Reprinted with permission from ref. 283 Copyright
2023, American Chemical Society. (b) (i) Schematic explaining the translocation mechanism of polymers (also applied for different DNA) through 1D
nanochannel. Ry stands for the gyration radius of the polymer coil. (iii) Mean event quantified after averaging all segmented events tracked by single-
molecule fluorescence microscopy images (ii). The red region (te,) and blue region (t;) correspond to the time of images captured while the polymer coil
exits the nanopore and the coil moves outside the illumination region, respectively. Reprodiced from ref. 284 with permission from the Royal Society of
Chemistry. (c) (i) Illustration of a cationic PDI molecule inside a CTAB-loaded silica mesopore. (ii) Simultaneously collected Z-projection images of the PDI
molecules at two orthogonal polarizations (double-ended white arrows with 3 um length). (iii) Detected single-molecule trajectory presenting the 1D
motion (inset) and related step-size histograms (red bars). The solid blue line represents the fit to a 1D Fickian diffusion model, accounting for finite
localization precision. Populations that did not conform to this model are labeled as “Anomalous.” Reprinted with permission from ref. 285 Copyright

2020, American Chemical Society.

has been used very effectively.'****>*® Among such meso-

porous materials, surfactant (cetyltrimethylammonium bro-
mide (CTAB))filled silica mesopores have the smallest
diameters (~3.7 nm)**® and these pores behave as chemically
heterogeneous environments: hydrophobic micelle cores,
hydrophilic micelle-silica interface, and solid silica matrix
(Fig. 9¢(i)).*®® In such heterogeneous nanoconfinement, upon
solvent(s) addition, the system pushes the fluorescent mole-
cules to mobilize. In the end, single-molecule tracking (SMT)
and single-molecule emission polarization (SMEP) methods,
allowing polarized emission detection of single molecules in
the nanopores, are used to understand the relation between
orientational dynamics of the single molecules and their shape-
selective separations.?®®2°0?°! Recently, Kumarasinghe and
others®®® quantitatively investigated the diffusion and distribu-
tion dynamics of charged and uncharged perylenediimide (PDI)
fluorescent probes in such CTAB-filled silica mesopores using
SMT and single molecule emission polarization (SMEP)

8374 | Mater. Adv., 2024, 5, 8351-8383

(Fig. 9¢). As presented in their SMEP images, both charged
and uncharged PDI molecules in extremely narrow CTAB-
templated nanopores exhibited one-dimensional diffusion
trajectories and strong emission polarization parallel to the
diffusion direction (Fig. 9c(ii)). This behavior indicates the
orientational confinement of the dyes within the cylindrical
CTAB-filled nanopores, as illustrated in Fig. 9¢(i). Charged PDI
dyes showed smaller diffusion coefficients and less orienta-
tional confinement than uncharged PDI dyes, suggesting that
the charged dyes diffused closer to the micelle-silica interface.
Interestingly, the distribution of their frame-to-frame step sizes
(Fig. 9c(iii)) indicated contributions from anomalous diffusion,
potentially based on the chemical and structural heterogeneity
of the silica mesopores.

Fluorescence correlation spectroscopy (FCS) has also been
receiving great interest for studying the nanopore activities
in 1D and 2D nanoporous membranes especially due to its
powerful output to quantify diffusion coefficients of dyes in

© 2024 The Author(s). Published by the Royal Society of Chemistry
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nanoconfinement and their evolution
In 2015, Park et al. gained quantitative insights into the
distributions of charged and uncharged PDI fluorescent mole-
cules in silica mesopores filled with an uncharged surfactant
template (Pluronic F127) by examining the dimensionality of
single-molecule diffusion by FCS.**> Based on the reported FCS
data, they found that a significant population of the charged
molecules exhibited two-dimensional diffusion trajectories
(recall: Fig. 2b-bottom), in contrast to the uncharged molecules,
which displayed one-dimensional trajectories (recall: Fig. 2b-
top). This difference suggests that charged molecules have
easier access to hydrophilic interfacial regions and pass
through defects in the silica matrix more frequently.
Single-molecule localization spectroscopy in 3D membranes
(Fig. 10) is a novel approach, but it cannot be broadly used due
to some limitations. One major limitation is the complexity of
determining free molecule trajectories in complex three-
dimensional space. This is mainly related to the impossibility
of differentiating between Brownian diffusion and other fac-
tors, such as active transport or variation in the transport
kinetics caused by intermolecular interactions.>*® Recently, Xiang
et al. developed a fascinating methodology called single-molecule
displacement mapping (SMdM) to partially overcome this limita-
tion. This is done by analyzing the local statistics of a molecule’s
instantaneous displacements. By statistically evaluating how far
and in which direction a molecule moves over short time inter-
vals, with SMdM it is possible to build a map of its diffusion
behavior across the cellular landscape. This allows scientists to

View Article Online
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not only observe movement but also quantify how easily a
molecule can move within different and complex environments,
allowing them to determine the nanoscale displacement of freely
diffusing single molecules in time windows of roughly 1 ms.**®
With this technique, they were first able to determine the diffu-
sion of an average-size protein inside a mammalian cell and then
to study in-gel diffusion of a fluorophore (Cy3B) and a model
protein (BSA) labeled with the same (Cy3B) in poly(acrylamide-co-
sodium acrylate) hydrogels (Fig. 10a). In the latter study, to
evaluate the relationship between diffusion and hydrogel mesh
size, they tuned the hydrogel’s mesh size by varying the sodium
acrylate fraction and the ionic strength of the solution (Fig. 10a-
left).>*® By doing so, they were able to alter the hydrogels expan-
sion ratio, and to demonstrate that for the same diffusing
molecule, diffusion is progressively hindered when the mesh size
is reduced and that this effect becomes more prominent when the
diffusing molecule’s dimensions are increased (Fig. 10a-right).
Moreover, they were also able to prove that a decrease in mesh
size and an increase in solution viscosity, despite having a similar
effect in limiting molecular diffusivity, are not correlated.
This proves that both mechanisms can be employed to modify
diffusion rate in a controlled manner.>*® Al Sulaiman et al.
employed this strategy to detect small DNA fragments in a
composite quartz nanopipette filled with chemically cross-
linked PVA hydrogels (Fig. 10b(i)). Fig. 10b(ii) reports the wide
variety of chemically modified hydrogels where R represents
one of the three functional groups employed: anionic carb-
oxylate functional group on PVA-CO™ (green), hydrophobic
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(a) (Left) Schematic representation of hydrogel synthesis and of the diffusion process studied; (right) Normalized count distributions of the

SMdM-measured 400 ps single-molecule displacements for Cy3B diffusing in PBS (dash line) and in hydrogels with different expansion factors (solid
lines), with respective maximum likelihood estimation results shown in the legend. Adapted with permission from ref. 298 Copyright 2023, American
Chemical Society. (b) (i) Schematic representation of the hydrogel functionalized nanopipette (HFN) sensor showing a 3D cross-linked nanoporous mesh
at the tip of the nanopipette, (i) simplified chemical structure of the photo-cross-linked PVA-based hydrogels, (iii) optical tracking of individual YOYO-1
labeled 10 kbp dsDNA molecules at the HFN tip (scale bars show 2 um). Reprinted with permission from ref. 297 Copyright 2018, American Chemical
Society.
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phenyl functional group on PVA-Phe (orange), and cationic
ammonium functional group on PVA-NH' (red).>*” By fine
tuning pore size (11-30 nm) and pore functionality of this
hydrogel functionalized nanopipette (HFN) and the application
of an electrical potential, the researchers were able to extract
reversibly single 10 kbp YOYO-1 labeled DNA fragments and
to visualize their presence by fluorescence microscopy.
As reported in Fig. 10b(iii), a single DNA molecule is trapped
at the HFN tip upon applying a positive voltage bias. The
molecule remains at the tip for over 50 s, but fluorescence
intensity decreases due to photobleaching within this time
scale. Once a single 10 kbp molecule is trapped at the tip at
t =0 s, the application of a negative voltage bias forces the DNA
molecule out of the HFN, evident by the motion of the molecule
at t = 0.1 s and the disappearance of fluorescence at 5 s.

5. Summary, limitations, and prospects

Especially in the last decade, Solid-state nanoporous mem-
branes (SSNMs) have become increasingly important due to
their critical roles in various applications such as energy
conversion, water management, drug delivery, sensing, separa-
tion, and novel batteries. SSNMs provide unique opportunities
for selective transport of various cargoes from ions to macro-
molecular biomolecules (e.g., DNA, RNA) and precise sensing at
the nanoscale, which are essential for improving the efficiency
and functionality of these membranes. Despite significant
advancements, there is still ample room for improvement in
engineering these nanoporous membranes for future applica-
tions. For instance, free-standing thin films with single nano-
pore/nanochannel helped us understand the nanopore’s
potential from a fundamental point of view, such as its ionic
permselectivity, rectification, and many more. A current chal-
lenge to apply this knowledge in engineering systems is the
fabrication of arrays of smart nanopores, with ultraprecision®
and cost-effective. Another key challenge is expanding the
nanopore response functionality (against various stimuli) and
gaining a deeper understanding of structure-property relation-
ships of SSNMs (e.g., nanopore geometry).***>2% In recent
years, significant nanopore functionalization efforts have been
made to expand the nanopore response beyond their charge
responsive selectivity, such as (de)protonation of the functional
groups upon changing pH. For instance, multifunctional (also
zwitterionic) polydopamine has recently been electrodeposited
inside and on the top of SSNMs to help the nanopores sort the
pH-dependent ionic transport.**>*°" However, the multifunc-
tionality of polydopamine can also make the functionalized
nanoporous membranes improve their adhesion, catalytic
photothermal, and even fluorescence quenching responses
with zwitterionic response.**>%

As introduced in our paper, among other nanopore optical-
probing methods, especially during the last ten years, fluores-
cence spectroscopy and microscopy have become very popular
tools for studying mass transport and sensing performance
in SSNMs. Fluorescent readouts can provide information on
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molecular interactions and dynamics from (i) individual mole-
cules within the nanopores (microscale), as well as from (ii) an
array of nanopores or different media in contact with nano-
porous membranes (macroscale). For instance, to date, fluores-
cence readout provided crucial information about localized pH
at nanoconfinement, asymmetric functionalization of nano-
pores, and the nanoporous materials’ structural changes, such
as their interlayer stacking or porosity; fluorescence readout
also yielded time-dependent, in situ and non-invasive monitor-
ing of various nanopore interaction with ions, molecules, and
macromolecules; and allowed to quantitatively sense chemical
species in different physical forms, such as gas and liquid at the
nanoporous membranes, including explosive TNT gas detec-
tion; it allowed understanding the fundamental mechanism of
different cargo permeation through nanoporous membranes
such as mixture of solvents, ions, protons, DNA, RNA and many
more; it yielded-at a single molecule level-dynamic data of
macromolecular translocation at the nanopores, and of inter-
action between various macromolecules (e.g., labeled DNA,
proteins) and 3D polymeric matrix. Of course, this review does
not aim to be exhaustive of the examples of nanoporous
materials that can be studied by fluorescent methods, nor of
the fluorescent methods that can provide information about
nanoporous materials. This review can certainly be comple-
mented by other reviews focusing on more specific fluorescent
probing methods, such as single molecule detection of
nanoconfinement,'®****% or on fluorescence probing methods
applied to specific nanoporous materials such as COFs, POPs,
Mxene, and others.**8%3%573%7 I, this article, we tried to give an
overall idea of how to apply various fluorescent spectroscopy
and microscopy techniques to understand the function of
different high-dimension (> 0D) nanoporous membranes.
Above-sorted recent advancements in fluorescent probing of
nanoporous membranes have opened new avenues; however,
the marriage of fluorescence methods and nanoporous materi-
als should progress towards new research areas, for example:
(i) dynamics of nanoconfinement: by designing fluorescent
probes with variable size to ref. 19 provide insights into how
nanoconfinement affects transport and reaction processes;
(ii) nanopore functionalization kinetics: how functional groups
are incorporated into the nanopores and how they interact with
target molecules over time. (iii) Machine learning-assisted
analysis: machine learning techniques can be applied to ana-
lyze complex fluorescence data, enhancing the interpretation
and understanding of nanopore behaviors and interactions.*®
This can lead to more accurate models and predictions of
membrane performance. (iv) Combining methods: integrating
fluorescence with other analytical techniques, such as vibra-
tional spectroscopy (e.g., Raman spectroscopy, ATR-FTIR), elec-
trochemiluminescence, X-ray fluorescence to study various
complex nanoporous systems.'®?°%313 (v) Multiplexed and
enhanced detection: combining electrical detection with
fluorescence can increase specificity, adding the chemical
information intrinsically present in the fluorescent probe.
Additionally, using plasmonic devices can localize light at the
nanoscale, enhancing the fluorescence signals and improving

© 2024 The Author(s). Published by the Royal Society of Chemistry
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detection sensitivity."” (vi) New fluorogenic probes: designing
fluorogenic probes that correlate with essential chemical trans-
formations, such as water splitting, oxygen reduction, carbon
dioxide reduction, and small alcohol formation, is a promising
area of research.’’**'> These probes can provide real-time
monitoring of chemical reactions within nanopores. (vii) Inves-
tigation of key functional sites: many crucial functions of
materials like metal-organic frameworks (MOFs) and covalent
organic frameworks (COFs) occur at their nanoscale pores and
interlayer spacing. Applying single-molecule fluorescent tech-
niques to study these sites can reveal critical insights into their
functional mechanisms.

These prospects in fluorescence probing for nanoporous
membrane investigations will strongly impact the field of
materials science, enhancing the understanding of the complex
physico-chemical processes occurring in the nanopores during
mass transport and chemical activity. Furthermore, future
realization of these perspectives can boost the interaction and
cooperation between researchers and engineers across multiple
disciplines, including chemistry, physics, biology and engineer-
ing, with the final goal of bringing the exceptional functional-
ities of SSNMs to the application and to the market, spanning
across diverse sectors from water treatment, to chemical
sensing, to clinical and biological detection assays and to
high-end materials for theranostics and for energy storage
and conversion.
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