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ABSTRACT: Electrochemical sensors have become increasingly
relevant in fields such as medicine, environmental monitoring, and
industrial process control. Selectivity, specificity, sensitivity, signal
reproducibility, and robustness are among the most important - WPe (bio)sensing  microfaprication
challenges for their development, especially when the target b T : / gas «

compound is present in low concentrations or in complex w
analytical matrices. In this context, electrode modification with

Mesoporous Thin Films (MTFs) has aroused great interest in the

past years. MTFs present high surface area, uniform pore distribution, and tunable pore size. Furthermore, they offer a wide variety
of electrochemical signal modulation possibilities through molecular sieving, electrostatic or steric exclusion, and preconcentration
effects which are due to mesopore confinement and surface functionalization. In order to fully exploit these advantages, it is central
to develop reproducible routes for sensitive, selective, and robust MTF-modified electrodes. In addition, it is necessary to understand
the complex mass and charge transport processes that take place through the film (particularly in the mesopores, pore surfaces, and
interfaces) and on the electrode in order to design future intelligent and adaptive sensors. We present here an overview of MTFs
applied to electrochemical sensing, in which we address their fabrication methods and the transport processes that are critical to the
electrode response. We also summarize the current applications in biosensing and electroanalysis, as well as the challenges and
opportunities brought by integrating MTF synthesis with electrode microfabrication, which is critical when moving from laboratory
work to in situ sensing in the field of interest.
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1. INTRODUCTION

Mesoporous materials have attracted widespread interest in the
last two decades due to the possibility of building complex
nanoarchitectures with very high structural control in a few and
relatively simple synthetic steps. The combination of chemical
synthesis and supramolecular templating leads to spatially
organized arrays of mesopores (i.e, 2—50 nm in diameter).
Functionalization of the inorganic walls, mesopore surfaces, or
pore volume with molecular, biomolecular, or nanostructured

chemical nanosystems that combine nanofluidics and confined
sorption and reactivity processes.8

These innovative materials can be processed as Mesoporous
Thin Films (MTFs) that display controllable thickness, highly
organized, and tunable pore systems as well as a versatile
framework composition. Ideally, these systems should present
high chemical and mechanical stability in order to be applied in
optical, optoelectronic, or electrochemical devices.”’~"* Since
the first reports on mesoporous thin films through surfactant-

templated synthesis,">~'* the field has emerged and their use
16,17

functions leads to multifunctional matrices with large available
surface area and tailorable interfacial properties, leading to
applications in several fields: biomedical, analytical, or
energy.'

In addition to these features, new phenomena due to the
limited mesopore size such as selective adsorption, solvent
confinement, or molecular partition arise that can be exploited
in novel applications. Moreover, control of the intricate
architectural regions (pore wall, pore surface, and pore
interior) permits tailoring of several relevant properties such
as pore accessibility, surface reactivity, and the distance and/or
intimate contact between molecular or nanostructural
functions. Mesoporous nanoarchitectures can be indeed used
as localized intercommunicated nanoreactors, constituting
therefore a playground for the creative development of novel
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and applications have been widely extended to solar cells,
batteries and supercapacitors for energy storage,'”'” photo-
catalysis,”’ separation and/or adsorption membranes,”" photo-
chromic devices,” photonics,23 sensors,”* and biosensors,”
among others.

In the field of electrode modification, nanomaterials have
become one of the main means of producing electrodes with
improved performance. Several works have confirmed the
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Figure 1. Schematic representation of the methods of mesoporous electrode fabrication. (a) Bulk composite electrode. (b) Particle-based coating.
(c) Evaporation Induced Self-Assembly (EISA). (d) Electro-Assisted Self-Assembly (EASA).

benefits of nanostructured electrodes in sensors and biosensors
due to their increased surface area and size-dependent
electronic structure.”® Mesoporous thin films offer the
possibility of a precise tailoring of their inorganic walls, high
surface area, controlled pore size, and surface functionaliza-
tion,”'*”~*? which are particularly interesting for the design
and construction of electrodes. These features enable unique
sensing potentials based on the precise control of interfacial
processes (adsorption and electron transfer), nanofluidics, and
molecular sieving (size or charge exclusion). MTF-modified
electrodes present several desirable features, such as reprodu-
cible preparation, robustness, and straightforward integration
to electroactive substrates (metals, carbon, and conductive
inorganic solids). Additionally, MTFs are usually transparent,
allowing the coupling of optical signals to electrochemical
processes. Furthermore, depending on the composition of the
film, the framework walls can offer improved (electro)catalytic
or optoelectronic properties.w’31

In the present review, we present an overview of MTF-based
electrodes, and we discuss their sensing applications from an
integral approach that considers the points of view of the
communities belonging to materials and physical and analytical
chemistries. First, a brief description of the pathways leading to
mesoporous thin films is presented, highlighting the methods
to obtain mesoporous electrodes. In particular, we focus this
work on an in-depth comparison between the two most used
MTF synthesis routes: Evaporation Induced Self-Assembly

24129

(EISA) and Electro-Assisted Self-Assembly (EASA). Both
methods permit obtainment of homogeneous thin films with
excellent substrate adhesion that leads to chemically and
mechanically robust modified electrodes. We discuss in detail
the structural and chemical features of MTFs obtained by both
methods.

Second, an in-depth discussion of the transport processes
inside the mesoporous thin films is presented. At this stage of
development of the field, it is necessary to analyze the
complexity of the mass and charge transport phenomena that
take place in these electrodes under confinement. Several
studies are described and discussed that relate the electro-
chemical response to the mesostructure and pore diameter.
Furthermore, this is related to the electrode accessibility and
the analyte selection and concentration by the mesoporous
thin film.”*~** Finally, some current applications of these
platforms in biosensing are presented and discussed as well as
the integration of MTF-modified electrodes in sensors
combined with classical silicon-based microelectronics.

2. PRODUCTION OF ELECTRODES MODIFIED WITH
TEMPLATED MESOPOROUS MATERIALS

For sensing applications, electrode surfaces are commonly
modified with nanomaterials with the goal of improving the
analytical figures of merit, stability, and robustness. In this
context, mesoporous materials have been extensively used for
electrode modification due to their unique structural properties

https://doi.org/10.1021/acsomega.3c02013
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(controlled porosity, high surface area, and versatile function-
alization, among others) that lead to excellent analyte transport
capacity and high adsorption, which can be advantageously
used in electrochemical sensing in order to achieve molecular
sieving or preconcentration to reach higher selectivity and
sensitivity. In addition, their adjustable framework and surface
composition allow obtainment of a wide variety of electrode
coatings from insulating materials to excellent conductors as
required by the sensor application. It is important to clarify
that this review will present and discuss MTFs made up
through supramolecular templating processes that lead to
organized mesopore arrays with typical diameters between S
and 20 nm. Other techniques to produce porous thin films
such as nanoporous alumina or porous silicon obtained by
anodization or macro-mesoporous films obtained by colloidal
assembly are out of the scope of this work.

2.1. General Methods to Obtain Mesoporous Electro-
des. In general, two main configurations of mesoporous
electrodes can be identified: the so-called “bulk composite”
films and thin-film-coated electrodes.*’

A composite electrode consists of at least one conductor
phase and at least one insulator phase intermixed (Figure
1a).*° Mostly, the conductive phase is a type of carbon powder,
and the insulator one is a viscous liquid. Composite electrodes
can be classified according to the way the component materials
are distributed; both types of electrodes have features that can
be exploited. Modified nanocomposite electrodes present some
attractive features: they are easy to fabricate by simply mixing
the components; they are highly versatile, which allows
incorporation of any type of solid into the composite matrix;
in addition, selectivity or sensitivity enhancers can be added
straightforwardly into the bulk material.”” The incorporation of
mesoporous materials into composite electrode matrices can
improve the specific surface area and specific capacitance.*®
These properties make bulk composite electrodes modified
with mesoporous materials widely applicable in batteries and
supercapacitors.‘?’9

Among film-coated electrodes, two different cases must be
distinguished.” First, the formation of particle-based coatings
onto the electrode (Figure 1b). These are formed by the
dispersion of a mesoporous material powder, followed by
deposition on the electrode (generally by dip- or spin-coating)
and solvent evaporation. This simple method has, however,
some critical disadvantages such as the lack of mechanical
stability; furthermore, the materials present low conductivity.*’
In an effort to correct these drawbacks, the addition of several
polymers in the mesoporous dispersion and/or the mod-
ification with metal nanoparticles® or carbon-based materi-
als*' have been reported.

Second, we can consider the generation of continuous and
uniform thin films over the electrode. This kind of coating has
the advantages of being synthesized in a one-step route, being
able to be obtained with excellent homogeneity along with a
large area, and presenting a uniform and controllable thickness,
from pore monolayers to micro-thick, crack-free continuous
films.** In order to obtain these modified electrodes, thin films
have been prepared by dispensing the sol solution on the
support material, by dip-coating or spin-coating, through the
so-called “Evaporation-Induced Self-Assembly” (EISA) meth-
0d.”'>* EISA allows a high control of mesostructure type,
pore size, and interconnectivity. " Other methods, such as the
Stober-solution growth ag)proach% and the “Electro-Assisted
Self-Assembly” (EASA),* allow obtainment of oriented pores

perpendicular to the substrate, which is in principle a desired
feature to optimize analyte transport. In particular, the use of
EASA has spread rapidly in the past few years for the
development of electrochemical sensors with vertically
oriented channels. The EISA and EASA methods are simple
and reproducible and lead to homogeneous and crack-free thin
films with excellent substrate adhesion. Because of these
characteristics, we propose an in-depth study of these two
methods. Table 1 shows a comparison of the main character-
istics and limitations of EISA and EISA, which will be analyzed
in-depth in the following sections.

The choice of the synthetic method is essential in order to
control crucial macroscopic features of the mesoporous films,
such as hardness and residual stress (that can lead to adhesion
failure and cracking) and wettability, among others,"” in order
to develcip reproducible and eventually scalable preparation
methods.*

The EISA and EASA synthetic methodologies have been
discussed in-depth in several reviews, to which the interested
reader is redirected.”'>?%*?%%7% However, we can summarize
some common features that lead to MTFs with highly
organized pore arrays. Both EISA and EASA are based on
the spontaneous assembly (self-assembly) of the inorganic
species and the template counterparts (co-assembly). An
adequate control of the assembly and postsynthesis electrode
processing are essential to achieve robust electrodes with open
mesoporosity and stability under operation. In addition, both
methods permit a straightforward integration in current
electronics and optics sensor device production pathways.
Essentially, both pathways rely on the controlled assembly of
two different nanobuilding blocks (NBBs): the precursors of
the material framework and the supramolecular template. In
order to achieve control, thermodynamic and kinetic aspects of
NBB morphology, production, and interactions should be
taken into account.

In the case of EISA, solvent evaporation after coating leads
to a mixture of the inorganic and organic NBBs in a
concentrated, viscous gel that evolves toward mesostructur-
ing."” Two competing processes take place: stiffening of the
forming film versus mesoscale organization. A “race towards
order” begins, which must be controlled to obtain an organized
mesophase, as demonstrated by in situ measurements,””” ">
supported by theoretical development.”"”* This approach
permits a flexible choice of supramolecular templates and
inorganic frameworks. In addition, postsynthetic treatment of
the freshly formed mesostructured films permits regulation of
order or annealing of the structure.”””> In the case of EASA, an
adequate potential applied to a conductive electrode immersed
into a silica acidic precursor sol promotes an increase of pH at
the electrode surface that leads to Si-O-Si condensation. This
potential also favors the assembly of a surfactant templating
layer formed by hemimicelles adsorbed at the surface that
assists in the controlled growth of vertically aligned
mesoporous channels. This method has some limitations
regarding the template molecule (alkylammonium bromides)
that lead to limited size mesopores, although pore expanding
agents can be used.”® In this case, the NBBs are negatively
charged Si-oxo clusters formed at pH (9—10) that interact with
the positively charged alkylammonium templates and then
condense to form the inorganic walls. In this sense, this
synthetic route can be compared with the formation of MCM-
41 through heterogeneous precipitation, which is triggered at
the electrode interface through local alkalinization.

https://doi.org/10.1021/acsomega.3c02013
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Table 1. Comparison of the Most Relevant Characteristics between the EISA and EASA Methods for Mesoporous Thin Film Production

EASA

EISA

A suitable cathodic potential provokes local pH changes which promote condensation.*®

S1

Thermodynamic design of mesostructure,*”*° kinetic control of co-assembly.

Driving force
Substrate

32

Any shape can be coated. Only conductive substrates. Limitation with Au substrates due to
Br-containing surfactants (adhesion problem).

Any shape for dip-coating, only flat surface can be coated using spin-coating. No limitation of the
substrate material is reported.

limitations

3 Long deposition times generate aggregates on

yered films are allowed.

S

The process ensures total substrate coverage by the film. Minimum amount of sol is required for spin  Thick and/or multila

Coatinglimitations

54,5

the film surface.

52

process. Thick and/or multilayered films are allowed.

Patterns can be achieved by a deposition of metal previous to the MTF formation.

56

Designed patterns are achieved by lift-off, soft patterning, or etching process.

Patterning

techniques

[Me;NC,H,,,]Br (alkyl chain lengths between C14 and C24).”

Cationic surfactants, mostly CTAB, and other cationic surfactants with the form
Variety of oxides (Si, Ti,*® Zr,* Ce, Mg, Ta, Co,%* W,*2 Mo,® Nb®*). Carbon,*® phospha’tes.66 Mixed Only SiO, reported, with possible extension to another metal centers.

e.g. cetyltrimethylammonium bromide (CTAB). Nonionic surfactants (e.g., Brij S8,
(e.g., Pluronics P123 and F127).

block copolymers

Cationic surfactants,
Brij 56),

Surfactant template

or NP-derived materials can also be obtained.

67

oxides
2D (Lam

Inorganic
frameworks

46

Pore structures

)68

bicontinuous (Ia3d and Pn33m).

lamellar, p6m, and ¢2 mm), 3D (R3m, I4/mmm, Fm3m, Im3m, P6;/mmc, and Pm3n), and Hexagonally packed 1D channels that grow normal to the electrode surface.
Pre- and postfunctionalizations are reported.47

Postfunctionalization has been reported.’

Functionalization

In both synthetic routes, the expected features (i.e., wall
composition, pore volume, diameter, spatial arrangement and
interconnectivity, surface charges, or chemical dangling
groups) can be controlled in principle by external parameters
and materials processing, as we briefly discuss below. In order
to understand the relevant material features, the mesoporous
film/electrode systems must be thoroughly characterized
through structural and textural techniques. As mesoporous
films are quite a complex nanosystem, a variety of structural,
spectroscopic, and imaging techniques should be used to afford
a complete characterization of the final devices. We refer to
work that covers in detail this central aspect,”**”” including
the mechanical properties, which are essential for electrode
performance.”®

2.2. The Choice of the Inorganic Precursors. The
inorganic species that form the pore walls are typically
produced through sol—gel chemistry routes that consist of
controlled polymerization of alkoxide or chloride precursors
under mild temperature conditions. Typically, metal centers
are activated and then linked with oxo or hydroxo bridges,
generating metal-oxo or metal-hydroxo polymers in solution.
This is carried out in two steps: hydrolysis and condensa-
tion.””*

An adequate handling of the chemical variables involved in
hydrolysis and condensation leads to control of the final
properties of the sols used as film precursors. A critical aspect
is the condensation degree, the size, and the philicity of the
inorganic species, which are determinants in order to optimize
the self-assembly with the supramolecular templates. For
example, the hydrophobic/hydrophilic characteristics will
determine interactions with the organic template, which in
turn will be essential for controlling the mesopore
structure.*”®” Recent theoretical and experimental studies
have shown that the radius of gyration of the inorganic species
is crucial in order to obtain a well-defined mesostructure in
EISA, opening the pathway to create highly ordered
mesoporous films using preformed inorganic nanobuilding
blocks.***

On the other hand, the composition and structure of the
precursor inorganic species determine the type of inorganic
material that will be obtained. The most extended mesoporous
material in thin films is silica. A large variety of non-siliceous
oxide MTFs are oxides such as high-valence transition metal
oxides such as TiO,, WO;, Nb,O;, SnO,, MnO,, and CeO,;
some recent works have reported low-valence Al,0;*° and
Zn0®*** or nanoparticle-based Ni- or Co-based oxides.***’
Non-silica matrices are particularly interesting due to the
modulation of electronic and optical properties, in addition to
their increased chemical stability, the exploitation of charge
transfer processes, and also their intrinsic catalytic activ-
ities. 10,90

Furthermore, inorganic—organic hybrid MTFs (MHTFs)
can be obtained through one-pot or postgrafting synthesis. In
the case of one-pot strategies, typically organically modified
alkoxides (OMAs) are added as precursors, which are available
in a great variety. Control of the OMA reaction with transition
metal alkoxides or metal salts can lead to hybrid materials with
intimately mixed metal centers, presenting an enormous variety
of compositions.”””"

2.3. Postprocessing and Template Removal. Once the
mesostructure has been attained, template removal permits the
acquisition of accessible mesopores. This is a crucial step
because structural consolidation of the inorganic walls along

https://doi.org/10.1021/acsomega.3c02013
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Figure 2. Schematic representation of the most usual transport mechanisms of electroactive molecules along a mesoporous layer deposited onto an
electrode. (A) Diffusion. (B). Exclusion (electrostatic or steric). (C) Adsorption followed by charge hopping. (D) A combination of hopping and
diffusion. Typical cyclic voltammograms (j vs E) are depicted below each case.

template removal might change the pore features or may lead
to cracking.”> Commonly, in EISA synthesis, thermal treatment
at 130 °C is carried out after deposition to stabilize the
inorganic framework, followed by a high-temperature treat-
ment, between 350 and 600 °C, depending on the authors, to
further consolidate the film and remove the organic template
by calcination. This treatment generates a uniaxial contraction
along the film thickness that generally leads to changes in pores
and neck diameters; generally, higher temperatures lead to
wider necks and smaller pores due to partial sintering.”” High-
temperature treatment also leads often to crystallization, which
in the case of non-silica oxides increases MTF conductivity and
photoactivity.””~”° Particular attention has to be paid to
electroactive substrates that can affect crystallite growth, pore
evolution, and catalytic performance.% The use of bulky
templates combined with stabilization processes under an inert
atmosphere at intermediate temperatures leads to the
formation of a carbonaceous scaffold that permits avoidance
of large uné:;xial film contraction and therefore retains larger
mesopores.

A central limitation of thermal surfactant removal is that it
cannot be used for MTFs deposited onto thermally labile
substrates such as polymers. For this reason, other removal
routes have been proposed as alternatives to calcination. For
example, Giménez et al. presented consolidation—extraction
methods by refluxing EISA-derived silica MTFs in different
solvents or exposed to vacuum. Low-temperature postsynthetic
treatment methods allow silica condensation and improve
phase separation of the template, leading to robust silica
frameworks with well-defined, accessible mesopore systems.”®

Walcarius and co-workers proposed an overnight treatment
for EASA-derived MTFs at 130 °C followed by a template
removal step carried out by in ethanol solution containing 0.1
M HCI under moderate stirring for 5 min.*® Cyclic
voltammetry experiments were performed before and after
the extraction in order to verify the template removal. Despite
the simplicity of this extraction method, the percentage of
effective removal has not been reported in detail.

3. TRANSPORT PROCESSES INSIDE MTF-COATED
ELECTRODES

In the case of electrochemical sensors, electrode modification
is performed using either isolating (silica) or semicrystalline
(titania, zirconia, mixed oxides) MTFs with low conductivity.
Therefore, the origin of the faradaic current is mostly due to

the redox processes that take place at the electrode surface.
Extended nanocrystalline walls lead to faradaic reactions also
taking place at MTF surfaces, which are of use in energy or
catalysis-related applications such as batteries, supercapacitors,
or photoelectrodes.'” But in the case of sensors, the MTF layer
is generally used as a perm-selective layer, which is intended to
modulate molecule transport, exclusion, or preconcentration.
In principle, MTFs can be advantageously tailored in order to
control molecular transport toward and from the electrode.
Among the most relevant controllable MTF features, we can
cite the framework composition, surface chemistry, pore size,
mesostructure, and interconnectivity. These factors can indeed
affect the movement and spatial distribution of species
confined inside the mesopores. In turn, these factors clearly
influence the mass and charge transport toward and from the
electrode. In the past few years, these complex processes have
been explored by several techniques, in particular cyclic
voltammetry” or fluorescence.'” A scheme of the basic
molecular transport in mesopores is presented in Figure 2,
along with the typical cyclic voltammetry signals recorded for
electrochemical probes diffusing along the mesoporous layer,
which are central to the development of electrochemical
sensors. It is worth mentioning that analytical signals in most
of the mesoporous-based sensors are the result of the selective
passage of an electroactive analyte, which is detected as a
faradaic current resulting from the electron transfer reaction at
the electrode surface. Voltammetric techniques are the most
adequate to analyze these kinds of phenomena because
voltammograms can be easily and speedily obtained and
interpreted. Cyclic voltammograms provide a fast means of
obtaining information related to the nature of the diffusion
process through the shape of the peak and peak potential, as
well as information related to the concentration of the analyte
through the the peak current (Figure 2). On the other hand,
other voltammetric techniques such as square wave voltam-
metry (SWV) and differential pulse voltammetry (DPV) can
be more adequate toward analytical ends, since they allow
researchers to reach higher sensitivity and lower limits of
detection (LODs), with improved peak resolution.

Most transport studies have been carried out for template-
free MTFs, which present an electrochemical response greatly
modulated by the interactions between the channel walls and
the redox probe. The most ideal situation is the diffusion of a
free probe across the mesopores (Figure 2A). This behavior
leads to electrode currents that roughly display a cyclic

https://doi.org/10.1021/acsomega.3c02013
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voltammetry (CV) behavior that can be analyzed following the
usual diffusion analysis (see below for a more accurate
discussion). Some applications that take advantage of the
hydrophobic nature of template-loaded channels are described
in section 4.1.2.

Since the first works, it was clear that the interactions of the
electroactive probe with the mesopore walls can lead to
permselective behavior, therefore modifying its diffusion,
leading to preconcentration or even exclusion.'”’ These
behaviors can be advantageously used either to preconcentrate
an analyte or to exclude an interference. In the following
sections, we discuss these aspects in detail.

Changes in diffusion due to electrostatics. When an MTF is
immersed in a solution, a net charge can develop on the
mesopore surface. The charge fixed on the pore surface can
attract oppositely charged species or lead to the exclusion of
similarly charged ones. In the most typical case of mesoporous
oxides, the magnitude of the surface charge depends on the
material, the pH of the solution, and the isoelectric point (IEP)
of the oxide, which is a consequence of the acid/base equilibria
of surface groups (e.g, silanol/silanolate). In the case of silica,
the IEP is approximately 2; therefore, silica presents a negative
surface charge under most usual working conditions. Another
factor affecting the magnitude of the surface charge is the
number of possible ionizable sites per surface unit, which in the
case of silica is ca. 4.6—4.9 silanol groups per nm>'’* In the
case of titania, the empirically reported IEP shows a broad
range, mainly due to surface defects. Table 2 shows the IEP of
some of the most common MTFs used.

Table 2. Isoelectric Point for Some Materials Used in MTF

Material IEP range or approx.
Silica'®? 2
Titania'** 2-89

5.5-9.5

. . 105
Zirconia'

The electric field generated by the surface charge combined
with the mesoporous structure geometric factors is an
important component of MTF permselective behavior. In
order to evaluate the relevance of the electrostatic effect, it is
useful to compare the electric field within the mesopore to the
actual pore diameter. The electrical potential in the pore
decays from the value of the zeta potential at the wall surface to
its minimum at the pore center. This potential is modulated by
the double layer thickness, or Debye length (4p,), which can be

calculated according to eq 1:

€o€.kgT
o = 2N, ¢
he'l (1)

where g is the permittivity of free space, ¢, is the permittivity
of water, kg is the Boltzmann constant, T is the temperature,
N, is the Avogadro number, e is the elementary charge, and I
the ionic strength.

The potential distribution inside the pores is a function of
the zeta-potential, and the Debye length gives an idea of the
spatial potential decay, which depends on the concentration of
ionic species in the mesochannel. Since the electric field
vanishes from the wall, the ratio between the channel size and
Ap defines whether the ionic layers overlap inside the pores.
Characteristic values of A, for a 1:1 electrolyte in water span
from approximately 0.3 nm (1 M) to 1 nm (100 mM) to 10

nm (1 mM)."*® Thus, for ionic strengths higher than 50 mM,
Ap is shorter than the mesopore diameter and thus ionic layers
do not overlap. The central zone of the channels presents a
constant and low potential where ions can move more freely.
For instance, in the case of vertically aligned channels, the
channels are divided into two zones for r > Ap, where r is the
channel radius. One of them consists of a Debye layer in
contact with the pore wall (where there is a potential gradient),
and the other one corresponds to “free” space (constant
potential) in the center of the mesochannel. As the ionic
strength decreases, the Debye layer increases, so the “free”
space is reduced, until it disappears completely when r < Ap,
leading to an overlap of the double layers.

In the case of MTFs presenting pores and necks, the smaller
diameter of the necks can lead to enhanced permselectivity due
to the overlap of ionic layers. This behavior was corroborated
by fluorescence correlation spectroscopy studies that demon-
strated the existence of two transport regimes in low- and high-
ionic-strength media.'”” In low-ionic-strength conditions, a
Fickian diffusion was found for Rhodamine B molecules used
as optical probes; measured diffusion coefficients were 2 or 3
orders of magnitude lower compared to the free probe in water
and practically independent of mesopore or neck size. This can
be attributed to a high electrostatic attraction between the
probe and walls of opposite charge that leads to probe
adsorption onto the mesopore surface. On the contrary, at high
ionic strength, the Debye layer is compact, and diffusion is
modulated by the pore and neck diameter. In these conditions,
diffusion values slightly increase with increasing diameters,
reaching a practically constant value for a neck radius >2.8 nm.
These findings demonstrate the relevance of molecule—wall
interactions on mobility and the relevant role of the Debye
layer in the confined transport of charged probe species.

The voltammetric response of partially or totally excluded
redox species in mesoporous oxide thin films can be therefore
explained in terms of the strong electrostatic repulsion between
the similarly charged surface and the redox species (Figure
2A), taking into consideration the ratio between A, and
mesopore diameter. When the surface charge is low or highly
screened, the electrostatic permselective effects are slight, and
voltammograms with the usual semi-infinite diffusion con-
ditions have been reported, attenuated by geometrical
restrictions such as interpore necks, that can be generally
interpreted as a tortuosity factor.

In cases where the surface charge and the redox species have
opposite charge, the redox species can be adsorbed due to a
strong electrostatic interaction. From the analytical point of
view, this leads to preconcentration and can lead to an increase
in the electrochemical signal. If the concentration of adsorbed
redox species in the film is high enough, redox sites can be
close enough so that electron hopping between them is feasible
(Figure 2C). The electrochemical signal due to the adsorbed
redox species is often combined with the signal due to free
species; the resulting voltammogram resembles those of thin
electrochemical cells (i.e., complete reduction and oxidation of
bonded and interconnected redox species inside the MTF), as
illustrated in Figure 2D. The existence of adsorbed and free
species is reflected in a theoretical model.'"”

Surface charges can also be incorporated into MTFs by
including charged groups by prefunctionalization, postfunc-
tionalization, or grafting. Organosilanes are particularly suited
to this purpose since they permit a straightforward and
widespread chemistry for surface modification. Surface amino
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Society, ref 110.

modification performed using 3-aminopropyltriethoxysilane
(APTES) leads to noteworthy changes in probe exclusion
and transport, linked to the changes in IEP of the modified
silica, as demonstrated by combining the CV results with XPS
and simulation experiments.”"'*” Surface modifications can
also be performed by polyelectrolyte adsorption. Brunsen et
al.''” proposed the direct infiltration of a polyelectrolyte in the
mesoporous framework to control the ion transport through
the film (Figure 3).

Steric exclusion. In addition to surface charge, steric and
philicity aspects must be considered in the transport within the
pores. Otal et al. demonstrated that diffusion through titania
MTF electrodes was modified after surface functionalization
with organic modifiers.”> This pore-blocking effect depends on
two factors related to the functionality excluded volume (i.e.,
the combination of actual function volume and surface grafting
density) and polarity. In principle, molecule transport can be
regulated by playing with the functions of volume and polarity.
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In an extreme case, hydrophobic modifiers with long alkyl
chains completely block ionic probe diffusion, but uncharged
probes can diffuse through the pores. In the case of bulky
organic functionalizers, the transit of the charged probe is
hindered due to the reduction of the cross-section of the pore
or due to interpore neck blockage. However, this type of
modifier does not completely block the diffusion of uncharged
probes; in some cases, indeed, a preconcentration may occur
that enhances the signal.

As can be noted, several means of chemical and structural
modifications and working conditions (pH and ionic strength)
are available to modulate the mass and charge transport in
MTFs, which can find application in electrochemical sensing.
In particular, the use of polyelectrolytes helps tune the
available surface charge, permitting charge reversal depending
on the polyelectrolyte charge or chain length.'**'""

3.1. Electrochemical Characterization by Cyclic
Voltammetry. As discussed above, charge transport in
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MTFs takes place by the movement of electroactive species or
by electron hopping between redox species. Cyclic voltamme-
try (CV) has been extensively used to assess the electro-
chemical response of MTF-coated electrodes. This technique
provides a fast means of obtaining information about exclusion
or preconcentration of ions, film integrity, and the character-
istics of the film, which can affect mass and charge transport,
such as pore blockage and channel tortuosity.

Depending on the degree of interaction of the redox probes
with the channel walls, two main possible mechanisms of
charge transport arise, as schematized in Figure 2: (i) physical
diffusion of unbound redox species through the channels
(weak probe—wall interaction, highly permeable films) and (ii)
electron hopping between nearby bound redox species. These
mechanisms can usually be elucidated by CV, since their
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voltammograms present a different shape, and they differ in the
dependence of the peak current on the scan rate.

For a semi-infinite diffusion-controlled and electrochemi-
cally reversible electron transfer process on an uncoated
electrode, the Randles—Sevcik equation describes the linear
relationship between the peak current i, (A) and the square
root of the scan rate v (V s™'):

i, = 2.69 X 10%:%2AD" %" /2C (2)
where 7 is the number of electrons involved in the redox
process, A is the electrode area (cm?), D is the diffusion
coefficient (cm?® s7'), and C is the probe concentration (mol
cm™3). 5

Since the Randles—Sev¢ik equation is derived for a pristine
electrode, it does not provide an adequate means of
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interpretation for CV results with MTF-coated electrodes.
Nevertheless, in some cases, it can be used to obtain simplified
insight into the diffusion process of unbound electroactive
species in MTFs. For instance, while studying the voltammetric
results obtained for a titania hybrid MTF functionalized with
or§anic molecules to be used as selective membranes, Otal et
al.”* observed linear i, vs v'/? plots. Lower slopes were
obtained for MHTF-coated electrodes with respect to those of
the uncoated ones. Assuming a concentration inside the film
equivalent to that of the bulk, a lower effective diffusion
coefficient (D) was calculated for the films, and this
difference was attributed to the tortuosity () introduced by
the pore systems, which can also encompass the additional
resistance to diffusion due to the presence of the organic
molecules.

However, a constant value of concentration for the redox
species cannot be assumed, in general. Interaction of redox
species with the channel walls affects simultaneously the
concentration of redox species inside the channels as well as
the diffusion process itself, and consequently, an effective value
of the product D,#/*C can be evaluated using the Randles—

Sevéik equation from linear i, vs v'/? plots, but not the

individual values of the concen}t)ration inside the film (C;) or
the diffusion coefficient in the MTF (Dy). Finally, it is worth
noting that the electrode area A in the Randles—Sevcik
equation in MTF-coated electrodes is theoretically equivalent
to that of an uncoated electrode. The MTF covers a fraction of
the electrode area, and thus the electroactive area is reduced.
However, the MTF-coated electrode can be considered as an
array of nanometric ultramicroelectrodes separated by the walls
of the channels. As discussed by Steinberg et al. (see section
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3.1.2), the partial coverage of the electrode by the MTF does
not result in a lower apparent value of A, since the
hemisphericalrate. diffusion profiles of ultramicroelectrodes
overlap and the final result is equivalent to that of a bare planar
electrode.''” Therefore, a more complete model is needed in
order to describe the systems in a more quantitative way.

In addition, when the average distance between nearby
redox probes is small, electron hopping between them
becomes feasible. This occurs frequently in the MTF when
there is a strong interaction between the electroactive species
and the walls of the channel. A usual case is strong electrostatic
interaction between oppositely charged redox species and
ionized species from the wall, which promotes the buildup of
redox species inside the MTF up to a grade in which eventually
electron hopping can take place. Voltammograms in those
cases usually present the typical symmetrical shape due to thin-
layer cell conditions, where the current peak presents a linear
dependence with the scan''>'"*

In conclusion, CV is useful to extract the general behavior of
electroactive probes from current—voltage curves. Although
many works dealing with sensing rely on a simplified Randles—
Sevcik approach to deal with the concentration dependence of
the obtained currents, care has to be taken in understanding
the nature of the peaks in order to correctly separate the
contributions of free and adsorbed species. There is still a need
for more accurate models that can shed light on the
complexities of confinement and exclusion effects, especially
for multicomponent systems.

3.1.1. CV as a Tool for Assessing Accessibility, Template
Extraction, and Integrity. Electroactive redox probes have also
been used to assess the film integrity and electrode
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accessibility. For instance, hexacyanoferrate, a negative redox
probe, can be employed to test the homogeneity and integrity
of silica MTFs which are negatively charged at pH > 2. Figure
4 shows that different oxidation and reduction processes can
be observed in the voltammograms depending on the probe
used. Negatively charged ferro- or ferricyanides are excluded
from the film. The absence of faradaic processes demonstrates
that no cracks, trenches, or pinholes are present in the coating.
Positively charged hexaammine ruthenium ions can penetrate
the film or even concentrate inside it, demonstrating pore
accessibility after template extraction.*”'">™"'® It is worth
noting that both peak current and peak potential provide
information about mass-charge transport processes. Peak
current is associated with the concentration and diffusion of
redox species in the film, while peak potential, as well as the
shape of the voltammogram, can be used to differentiate
between the diffusion of unbound redox species and electron
hopping Finally, neutral probes (e.g., ferrocene methanol) can
be used to test pore blockage or channel tortuosity (Figure
5)'119

CV has also been used to get an estimation of the
electroactive area not covered by the inorganic framework
and the channel tortuosity in systems where the interactions
between the redox probe and the channel walls are weak and
the electrode surface is flat, so semi-infinite diffusion
conditions can be assumed (i.e., the Randles—Sev¢ik equation
can be applied). The approach has been used for nonsilica
systems with large pores.”” A brief discussion of those
characterizations will be carried out in the following
sections.' '

3.1.2. MTFs as Sensors, Which Are the Relevant
Parameters? The possibility of making films with the ability
to exclude some species while preconcentrating others as well
as controlling their transport inside the films has made MTFs a
potentially attractive material for the development of electro-
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chemical sensors. In this regard, a number of works have dealt
with signal detection, exclusion, and electrode stability, which
are crucial sensor parameters.

Silica MTFs tend to preconcentrate positively charged redox
species under near neutral pH conditions. Preconcentration of
Ag', hexaammine ruthenium, or ruthenium bipyridine has
been reported by many authors.*>”®''*!'° However, there is
an important difference in the preconcentration capacity when
EASA- and EISA-derived MTFs are compared. Because of the
pore orientation favorable to diffusion, EASA films with
vertical channels are highly permeable to redox probes in the
solution, and they are more likely to directly reach the
electrode surface. The voltammograms obtained in EASA
systems are comparable with those obtained in bare electrodes
with free probes in solution and can be treated as diffusion in a
semi-infinite electrode problem.'*""*! Re%arding EISA-derived
MTE, Brunsen et al."'” and Alberti et al.'"* have observed that
two forms of charge transport can coexist, i.e, by mass
diffusion of unbound redox species and by electron hopping
through the adsorbed species. This dual charge transport can
be observed in the shoulder recorded at the multiple
voltammograms presented in the cited works. However, so
far, studies dealing with a sound comparison between both the
EISA and EASA routes are lacking.

The observed mixed transport regime of probes inside the
films and the already discussed aspects of lack of model
precision are limitations to estimating the real parameters of
interest, such as the diffusion coeflicient or the redox species
concentration in the pore systems and their relationship with
the electrode performance. These parameters are relevant to
the design and preparation of MTF-based sensor devices. The
capacity of the preconcentration defines the limit of detection
of a particular analyte in solution. Etienne et al.'' reported
that the preconcentration capacity must be different for 2D-
hexagonal (p6m), 3D-hexagonal (P6;/mmc), and 3D-cubic
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(Pm3n) structures in silica MTFs and noted the difficulty to
estimate the concentration of Ru(bpy);** species accumulated
in the film because its adsorption capacity is not known. In
another work, Taffa et al. estimated the concentrations of
[Fe(CN)4]* and [IrCl] ™ inside the TiO, MTF, recording
the current density as a function of the probe concentration,
'22 Calvo et al. noted the high
preconcentration capacity, mentioning that the high current

using a Langmuir-type isotherm.

values observed are related to a much higher concentration in
the MTF than in the solution to satisfy the condition j
DY2C."** However, this assumption is true only in a diffusion
regime where the Randles—Seviik condition can be applied.
DiMarco et al.'** presented a method to determine the upper
and lower limits, as well as one intermediate value of the
distance between two ruthenium complexes inside the TiO,
MTF to study the effect on the self-exchange intermolecular
Ru(II1/1I) electron transfer, a process commonly referred to as
“hole-hopping”. For this estimation, assumptions about the
porosity of the film and the close packed nature of the
molecules were required. An electrochemical method to
estimate the capacity of the MTF to preconcentrate Ru-
(NH;)¢*" has been reported by determining the area for anodic
or cathodic peaks in a support electrolyte solution after
Ru(NH,),** loading, so the current can only correspond to the
adsorbed species.”’ The authors reported a limit of detection
of approximately 15 yM for Ru(NH;)4**. Similar limits of
detection were reported for gases, redox probes, or volatile
molecules sensing.””'**"%’

Despite the extended use of the Randles—Seviik equation to
interpret transport and reactivity in MTFs, recent work has
challenged this interpretation. Steinberg et al. studied and
modeled the mass transport of electroactive species through
the TiO, MTF by cyclic voltammetry."'> The authors propose
that the Randles—Seviik interpretation within the framework
of planar semi-infinite diffusion results insufficiently to
properly describe the voltammetric curves. An alternative
scenario can therefore be proposed, which considers that the
access of redox species from the solution to the electrode can
be affected by poor interconnectivity in the channels. As a
result, some regions of the electrode could become inaccessible
and, thus, electrochemically inactive. The authors proposed
that such a partly blocked electrode could be modeled as an
array of ultramicroelectrodes, following a model developed by
Matsuda (see Figure 6)."*® Depending on the relationship
between certain critical parameters (the area of the electro-
active domains acting as ultramicroelectrodes; the average
distance between them; neck and pores sizes; redox probe’s
size, charge, and diffusion length), the voltammetric response
presented a transition which could be modeled in terms of that
typical of planar semi-infinite diffusion (low blockage) to that
of spherical semi-infinite diffusion (high blockage). Indeed, a
similar behavior has been observed in the case of very thin
zirconia membranes deposited onto Pt. These nanoperforated
membranes behave as a nanoelectrode array and present
different diffusion regimes that depend not only on the pore
size but also on their interpore separation, demonstrating that
the analytical signal can have a complex dependence of the

. . 59
electrode geometry and measuring conditions.’

4. BEYOND POSTSYNTHESIS MODIFICATION:
TARGET ANALYTE SELECTION AND
CONCENTRATION

4.1. Selective Principle. In principle, selectivity can be
achieved by pore modification, which in turn changes mass
transport within the nanopores. This can be done through the
design of the film characteristics (mesostructure, pore size and
orientation, and thickness) and/or the postsynthesis function-
alization of the film.”®

4.1.1. Molecular Sieves. Some relevant features of MTFs as
perm-selective units are the extended pore size range, the
absence of swelling, and the size selectivity. Kisler et al.'”” early
reported the potential of MCM-41-containing molecular sieves
to adsorb two proteins (lysozyme and trypsin) and a vitamin
(riboflavin), obtaining an adsorption ratio strongly dependent
on the relative size of the adsorbed molecule, with the smaller
molecules (riboflavin) being those that were adsorbed faster.
Mesopore size combined with functionalization has also been
reported to filter out proteins present in plasma that could
constitute interferences, improving analyte detection through
SERS."*

Besides, an MTF on the electrode surface can be used as a
molecular sieve to protect the electrode surface from
biofouling, as shown in the work by Serrano et al,”! in
which vertically aligned mesoporous silica generated at an ITO
electrode surface by the EASA method prevented adsorption of
undesired large size molecules (e.g, hemoglobin) while
allowing the detection of small redox active molecules likely
to reach the electrode surface through the film (e.g,
propranolol) with almost no loss of sensitivity.

4.1.2. Medium Affinity. The MTF medium affinity is mainly
determined by the density of silanol groups on the surface and
can be adjusted by changing the mesopore wall polarity.
Normally, MTFs are therefore poorly wet by organic
compounds due to their surface polarity. However, compat-
ibility with organic solvents can be achieved by adding organic
building blocks to the inorganic matrix, either through
subsequent modification of the pore surface of a purely
inorganic silica material (“grafting”), through the simultaneous
condensation of the precursors of corresponding silica and
organosilicate (“co-condensation”, also called “one-pot syn-
thesis”), or by incorporating organic groups as bridging
components directly and specifically in the pore walls through
the use of bis-silylated single-source organosilica precursors.”®

Ghazzal et al.'*” demonstrated how the hydrophobic—
hydrophilic balance of the film can change the selectivity and
sensitivity of an optical sensor for the adsorption of analytes
with different chemical polarities (water and hexane). In this
work, mesoporous dielectric multilayers of SiO,/TiO, were
developed, but the hydrophilic—hydrophobic balance occurs in
the mesoporous SiO, layer, which was synthesized by a co-
condensation of mixtures of methyltriethoxysilane (MTES)
and tetraethyl orthosilicate (TEOS). A gradual increase in the
hydrophobic behavior of the hybrid silica layer was observed,
obtained by increasing the methyl group content. The authors
found that water molecules remained outside the silica layers
due to the surface affinity, while hexane penetrated more easily
due to its affinity to the hydrophobic silica pore surface.

Yan et al.'>’ proposed a highly selective and sensitive
method to electrochemically detect traces of nitroaromatic
compounds, such as explosives and organophosphate pesti-
cides (OPs) but using another approach to modify the MTF
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affinity with the medium. This method consisted of the use of
ITO electrodes modified with a highly ordered and aligned
binary assembly of silica mesochannels and surfactant micelles
(Figure 7). The modified ITO electrode surface can provide
rigid and robust support to confine the soft cylindrical micelles
formed by the aggregation of the cationic template cetyl-
trimethylammonium bromide (CTAB), whose tails make each
micelle have a hydrophobic core, which acts as an excellent
adsorbent for rapid extraction and preconcentration of trace
nitroaromatic compounds from aqueous solutions via the
hydrophobic effect.

4.1.3. Charge-Based Selection. As mentioned above, the
ionic strength affects the Debye length in the mesochannel.
This was studied in detail by Nasir et al,>* who deposited
vertically aligned mesoporous silica thin films onto glassy
carbon electrodes (GCEs) by EASA with the aim of
electrochemically detecting the herbicide Paraquat in aqueous
samples. When the potential distribution across the meso-
channel is negative, Paraquat accumulates within the
mesochannel. As the solution pH increases, the silica surface
becomes more negatively charged, and the absolute zeta
potential increases; therefore, an increase of the Paraquat
concentration within the mesochannels occurs. However, when
I < 70 mM, a drop in the reduction peak current is observed.
This can be linked to the overlap of the double layers, leading
to the exclusion of anions from the mesochannels, as discussed
above.

Taffa et al."** showed how this effect increases if the
mesochannels are functionalized, because functionalization

24139

affects the “free” pore diameter. For example, strong current
suppression was observed in functionalized mesochannels with
long alkyl chains and redox ions possessing large negative
charges. These observations agree with a Debye layer
extending from the charged pore wall toward the center of
the pore and building up an electrostatic barrier, which
increases with the membrane thickness and depends on the
concentration of the inert electrolyte. Moreover, Fattakhova-
Rohlfing et al.*’ synthesized organized mesoporous layers of
SiO, with a template-assisted procedure using a Pluronic F127
block copolymer template. This MTF was uniformly function-
alized with protonated amino groups and exhibited excellent
permselective membrane properties, which can be reversibly
controlled by pH changes.

More complex systems can be synthesized to create
properties that emerge from the synergy among the
components. Calvo et al. synthesized mesoporous silica thin
films on silicon and ITO substrates, which were then modified
by growing zwitterionic poly(methacryloyl-L-lysine) (PML)
brushes.''" In this system, a property arises that differs from
the sum of the component properties (Figure 8). The IEP of
the zwitterionic brush is ~5, and as such, it is expected that at
pH > S the nanopore is negatively charged (cation-
permselective), and at pH < § it is expected to be positively
charged (anion-permselective). However, at pH < S, the PML
brush-modified mesoporous film acts as an ionic barrier, and
that is because, in the pore walls, the grafted polyzwitterionic
chains coexist with silanol sites, which are negatively charged at
pH > 2, so the nanopore is “bipolarly charged”. The interesting
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result is that the confinement of both negative and positive
charges leads to a very particular exclusion condition, in which
initially the anions are attracted to the pore by the positive
charges in the “bipolar” wall, but the negative charges of the
“bipolar” wall are close to the positive ones, and as a result,
repulsion of the anions occurs simultaneously.

A relevant factor affecting the surface charge is the ionic
strength. Taffa et al.">* studied the pore size and surface charge
control in mesoporous TiO, using a postgrafted organic self-
assembled monolayer. The addition of the non-electroactive
salt LaCl; to the electrolyte solution leads to La** adsorption
due to the presence of sulfonate head groups in the membrane.
Adsorption of La’* generates a surface charge inversion
visualized by conducting electrochemical detection experi-
ments with [Fe(CN)4]*™ and [IrCl4]*>". The currents increased
with increasing La®* concentration until they reached a similar
value as on unmodified TiO,, but a further increase in the
concentration of La®* ion resulted in a slight decrease of the
current.

Both factors can be exploited for electrochemical detection
applications. Jiokeng et al.'”® developed amino-attapulgite
(Amino-AT)/mesoporous silica composite films generated by
electroassisted self-assembly for the voltammetric determina-
tion of diclofenac (DCF), in which the Amino-AT can enhance
the DCF oxidation signal and improve electron transfer rates,
suggesting the existence of both accumulation and electro-
catalytic effects. The obtained responses were strongly pH-

dependent, and this was attributed to the acid—base properties
of DCF, the surface charge of AT and Amino-AT, and the
oxidation mechanism of DCF. The Square Wave Voltammetry
response of DCF at an Amino-AT-modified glassy carbon
electrode was also influenced by the ionic strength. Peak
currents were first found to increase, reaching a maximum at
0.10 M NaCl, and then decreased continuously for larger ionic
strength values, which indicates that there is an impediment to
the accumulation of the negatively charged DCF due to
competition with the electrolyte anion (Cl7) for the binding
sites of protonated Amino-AT. Also, lower intensities observed
in more diluted solutions could be due to increased solution
resistance.

Yan et al.'*® recently developed phenylboronic acid-
functionalized vertically ordered mesoporous silica films
(PBA-VMSF), grown on ITO electrode using the Stober
solution growth approach, for selective electrochemical
determination of fluoride ion in tap water. They took
advantage of the MTF preconcentration ability to make
indirect detection. As the boronic acid moiety can selectively
bind to F~, the negative charges rise, electrostatically excluding
the ferricyanide anions through the ultrasmall silica nano-
channel to the underlying electrode. Therefore, the decreased
redox response of Fe(CN)’™ is related to the amount of F™.

Similarly, Karman et al."*” developed an indirect detection
method, focused on amplifying the voltammetric responses of
anionic redox probes (Fe(CN)g> /47), which are usually
prevented/limited at mesoporous silica film-modified electro-
des. This method consisted of using neutral or positively
charged solution-phase redox mediators (Fc(MeOH), or
(Ru(NH,)¢*") that are likely to diffuse freely through the
membrane to the electrode surface. These two probes
experience reversible and one-electron redox reactions; also,
both couples (Fc(MeOH),/Fc(MeOH)," and Fe(CN)4*~
Fe(CN)¢’") are characterized by very similar standard
potential values. The amplification of Fe(CN)4*" oxidation
was clearly due to the Fe(MeOH), acting as a redox mediator:

Fc(MeOH)," + Fc(CN)*~
2 Fc(MeOH), + Fc(CN),*~

The Fc(MeOH), molecules were easily diffusing through
the mesoporous silica film, so they were oxidized onto the
underlying ITO surface, into Fc(MeOH),* species, which can
diffuse back through the film, thus becoming available for
oxidizing the charge-excluded solution-phase Fe(CN)s*~
species.

4.2. Combined Selective Principles. The selective
principles mentioned above are not isolated phenomena;
therefore, an electrochemical detection system using MTFs
may have a combination of them.

4.2.1. Pore Size and Probe Charge. Vila et al."** studied the
combined effect of pore size and charge by analyzing the
permeability of Dawson-type polyoxometalates through
vertically oriented nanoporous silica membranes templated
by CTAB and larger-size octadecyltrimethylammonium bro-
mide (ODAB) deposited onto an ITO electrode. These
experiments were carried out at various ionic strengths and in
an acidic medium, where the silica surface is positively charged
and thus likely to interact with the negatively charged redox
probes. The permeability of negative probes through the
positively charged silica pores was also affected by the
electrolyte concentration. The “effective pore size” is
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determined by the pore diameter and the thickness of the
electrical double layer (Figure 9). The [P,W,;30,]°" species
were likely to cross easily the ODAB-based film and even to
accumulate inside, but their response at the CTAB-based film
electrode was much less intense and even lower than at bare
ITO, which can be explained by the smaller pore diameter of
the CTAB-based film. This effect was even more noticeable
and restrictive at pH 1.0, indicating a pH-influenced size
selectivity of the mesoporous films. It is worth noting the
similarity in the intensity of the voltammetric signals of

[P,W,504,]% at the small pore film at pH 0.3 and the the
larger pore film at pH 1, both situations corresponding to the
same “effective pore diameter” (Figure 10).

4.2.2. Medium Affinity and Probe Charge. Taffa et al.'*
worked with sintered mesoporous TiO, thin films, on which
inner walls were grafted with alkyl phosphonic acids (Pho-Cn-
R) of different chain length (6, 10, and 14 carbons) with
neutral, positive, and negatively charged head groups (R = -H,
R— = sulfonate, R+ = pyridinium). The neutral phosphonic
acid modifier makes the TiO, highly hydrophobic and
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suppresses electrochemistry in aqueous media, and the alkyl
phosphonic acids with charged head groups render the TiO,
film as an ion exchanger with a phase separated hydrophilic
and hydrophobic portion. Different charged guest molecules
were incorporated on top of or into the supported membranes.
The host—guest interactions were found to be electrostatic,
hydrophobic, or both. Depending on their carbon chain length,
they occupied a considerable space of the average pore volume
(ca. 5—10%). Their head groups (R) determine the “inner-
wall” surface properties and potential interactions with species
in solution.

4.2.3. Medium Affinity, Pore Size, and Probe Charge. Yan
et al."*” combined these selection principles to achieve a direct
electrochemical detection of electroactive small organic
analytes in complex media without sample pretreatment.
ITO electrodes were modified with permselective membranes
consisting of vertically ordered silica mesochannels and
surfactant micelles (OSM@SM). These membranes were
only permeable to small and neutral/hydrophobic molecules,
because of the size of SMs and lipophilic cores of OSMs. CV
and differential pulse voltammetry in soil dispersions
containing paraoxon show no or only an ill-defined current
response at the bare ITO and SM/ITO electrodes. In contrast,
the electrode displays a well-defined reduction current peak
due to reduction of the nitro group. The results indicate that
the OSM@SM layer can effectively block the access of large
substances, such as soil particles and other contaminants, to
the underlying ITO surface, in addition to extracting and
concentrating paraoxon from the soil dispersion.

Table 3 shows a comparison of some analytical figures of
merit for some reported mesoporous film-based sensors. As
can be seen, MTF-modified sensors have been used both for
simple ions and for more complex molecules. From the
information reported in these studies, the sensitivities and
detection limits are consistent for each analyte. However, few
studies report information on the reproducibility of the
measurements. This is a key issue for real sensor applications
beyond proof-of-concept. Sensor-to-sensor reproducibility, for
example, is crucial when considering scaling up; batch-to-batch
reproducibility is also relevant in order to assess the soundness
of the preparation protocols. In addition, repeatability of the
sensor response after prolonged use or washing is also an
essential performance indicator (i.e., whether a device can be
washed and reused or if the sensor is irreversibly damaged after
a single measurement). In this context, the long-term stability
becomes a very important parameter. Most studies have been
conducted on silica films, which present relatively high
solubility even in mildly acidic or neutral pH. Recent studies
show that transition metal oxide films are much more stable in
solution, and doping with even small quantities (2—10%) of
Zr(IV) or Ti(IV) notably enhances the electrode stability in
solution.''#'**

In summary, three typical approaches are employed to take
advantage of the basic MTF properties such as large specific
surface area, adsorption, electrostatic preconcentration or
exclusion, steric or phylic modification, and size sieving.

First, when preconcentration in the channels (by electro-
static adsorption, complexation, lipophilicity, etc.) is the main
goal, the analyte must be an electroactive species that
undergoes an electron transfer reaction at the surface of the
electrode. This process is usually followed by voltammetry
(mainly SWV), and the peak current follows a linear
relationship with the analyte concentration. This approach

has been used intensively. For a MTF-coated electrode, a linear
range falling in a region between approximately 1 M and 1
mM is usually obtained."*""*>'**'** However, when MTFs are
used in combination with other electrocatalytic materials
presenting high surface area, such as graphene, lower LOD and
wider dynamic ranges can be obtained (for instance, LOD
values close to 1 nM have been reported°).

A second approach involves filling the channels with a redox
mediator. In this case, a redox reaction takes place between the
analyte and the redox mediator.'*>"*" The charge transport is
then completed by electron hopping between the redox
mediators in the channel and electron transfer at the electrode.
As in the previous case, the analytical signal usually is acquired
by voltammetry, and again, a linear relationship between
current and concentration is obtained. However, in this case, if
the electron transfer reaction between the analyte and the
redox mediator takes place only at the mesoporous film/
solution interface, the high surface area provided by the MTF
channels is not fully exploited, and LODs are usually between
1 and 10 uM, with a linear range in a region between
approximately 1 #M and 1 mM.

Finally, a less explored approach consists of the adsorption
of a non-electroactive analyte, e.g, fluoride, which blocks the
entrance of an electroactive species (e.g, ferricyanide) into the
channels and prevents its electrochemical reduction or
oxidation. In order to compete for electrostatic adsorption,
both species must have the same charge sign and be
electrostatically attracted to the channel walls. When this
process is followed by voltammetry, there is a decrease in the
voltammetric peaks as the concentration of the analyte is
increased. The peak current usually follows a logarithmic
dependence with the concentration, and therefore, the
determination of the concentration may be affected by a
relatively high error. However, low LODs and wide dynamic
ranges (several orders of magnitude) can be achieved."*®

5. FURTHER APPLICATIONS IN BIOSENSING

Biosensors are compact analytical devices conformed of three
components: a biorecognition element, a transducer, and an
associated electronic circuit to process and display the result of
the measurement. The interaction of the analyte with a specific
biorecognition element attached to the surface of the
transducer results in changes in properties (e.g, optical,
electrochemical, or gravimetric) which can be converted by the
transducer to an electrical signal related to the analyte
concentration. Electrochemical transducers are the preferred
option in biosensing because they directly convert the
recognition event into an electrical signal, which allows for
integration, miniaturization, and reduced fabrication
costs 152153

The choice of the biorecognition elements is dictated by the
nature of the analyte. For instance, small organic molecules
with redox properties, such as glucose and lactate, are usually
detected with an appropriate redox enzyme (e.g, glucose
oxidase and lactate oxidase, respectively), and the result of the
catalytic activity is transduced to a current proportional to the
reaction rate. On the other hand, larger biomolecules are
usually detected by affinity biosensors, where the biorecogni-
tion element is usually an antibody or an aptamer immobilized
on the surface of the transducer, and the formation of
complexes with the target analyte is detected by different
techniques (voltammetry, electrochemical impedance, etc.)
according to the biosensor design. In both cases, there have

https://doi.org/10.1021/acsomega.3c02013
ACS Omega 2023, 8, 24128—-24152


http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c02013?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

EVE

//pubs.acs.org/journal/acsodf

http:

ACS Omega

LT

ovT

ot

€1

1541

Ead:

mﬁ—uEOE T

(9suodsax Tenrur syt
JO %¥6—€6) SYPIM T

Ayiqess wisy-3uo

paAras
(O 2I19M SUOTJeLIEA
Juarmd juaredde
OU pUE UNW $7 UM
SUOI}IIIP SNONURUOD)

%TI—¢ Jo Ay

%7T9°S J0 Sy ' yim
suond9)ap [afrered 9

%L8'S Jo dSYy ®©
YIIM SJUSWIRINSEIW 4

Apqnpoiday

qdd
ST'0 F €S°¢ :uoxoereq

qdd 070 F 8THI ‘AN
qdd 0€'0 F 06T :dN
qdd 80'0 F 9%'T :dNLL
qdd 800 F £8'S *:ILNA

qdd 900 F L6 *INL

U LLO

Wr S

WH €

W ;0T X €8
WA €500

JALNA!

T [owu T

W 6 :vad
WA 11 vV

W 9€°0 :ST-vdS

WY 1L°0 'TH-INDIN

W ¢

W L6°0
aot

qdd pooz—s8¢
pue $8¢—¢ :uoxoereJ

qdd 0oo¢—01 N
qdd 000T—0% :dN
qdd 08— :dN.L
qdd 0001-0T1 :ILNA

qdd 0001—0T :LN.L

W 0T—100°0

WM 001—S

W 0T -€

W 0T X €T
—¢_0T X T pue
W ¢_0T X T—_0T X T

W 0T—€0
NU 0v—01

=T owr 01
—-T [owu 01

WY 977—0T *vd
WY 1S97—6¥ VY

W 01—0 :ST-VdS

WM 010 THINDIW

WM 00€—S

W ¢€T—5000

d8uer reaury

INW v 18°6L

F LT90b1 pue

L8'L9T F LY'TIS6E
TUOXORIRJ

-INW V7 ST'9
F Y0LEY AN
AW v STl
F 0L'9%S AN
W VA 9T ThY
F €6'856L ‘dN.L
W vl ST
F 09°€LST *LNA
W v €S6T
F 66'81€T “IN.L

N v ST8L
_Jow yw
TLF LY

-INW v 8T T

N v STT

-NW v 0001T

N yrf
0T F 0TST ST-vdS

W
0T F S9L T+ WOW

LW oW Y 6T

AW v $6°S6
Auanisuag

Anpururejjoa
asind [enuargIq

Anowurejjoa
asind enuazagrq

Anpuruwrejjoa J14LD

119> mop ur
Anpworadureouory)

Anpururejjoa
asind [enuaroyIq
Anpwurejjoa

aaem arenbg

Anpururejjoa
aaem arenbg

Anpururejjoa
aspnd [enuazapIq

Anpururejjoa
asind [enuaryIq

Anpuureyjoa Surddins
Sipoue aaem arenbg

Answoradury

Anpururejjoa
asind enuazagrq

anbruyos) wonoaeg

(saprnsad
aeydsoyd-oued
-10 pue saasofd
x9) spunodwod

SIJRWOIEONIN

uRIqnIoXoq

[ofouexdoig

urdsf)

uor apuon[j
SeudjoIq

jenbere

an[q UAAYIRIA

(v@) suru
-edop pue (yv)
PIOE d1qI05Sy

uor wnrupe))

opt
-xo1ad uaBoIpApy

PpIo® J1qI00SY
Aeuy

uoneUnId JuEdRLINS
NOYIM 9po1d3P O L] U0
yoeoxdde yimoid uonnjos-1aq

-015 £q wyy eorprs snozodosapy

qDD uo auayderd pasnpax
[E2TWAYPONI[d PIIM YSYH
Aq wy eorrs snorodosajy
SpoIdRP QLI WO VSVH
Aq wy eors snotodosapy
SponddP QLI U0 VSVH
£q wqy eorprs snorodosaur
PAZI[EUONOUN}-9UII0LID]

apoxd3[e O] uo yoeord

-de yimo1d wonnjos-12qoig

£q wyy es1pis snorodosaw pazr
-[eUOTOUNY-pIOE SIUOIOQIAUY ]

HDD uo ySvd £q wy edo1s
snorodosaur/aydndeyye-ourury

gDD Uo VSvi
£q wyy uryy edorprs snorodosajy
spond3pd O, uo yoeoxd
-de yamo18 uonnjos-12qoig
£q wyy unyy eors snoxodosajyr
sdnoi3
wnruourwe ym payerdisod

pue apoxnddP O] U0 YSYH
£q wyy uryy edorprs snotodossjy

40D &rpows

0} UOYEN )M P3Jeod SIOp

-mod ST-vgS pue [+ IWOW
pazipeuonsuny-[Adordourury

apo1nddd

0.1 uo SV £q xopdwos

s[ozern-uoxr Sunemsdeous
wry uryy edrs snoxodosapy

sapnred

-oueu pro3 yIm pajerodap

surquedjod Sunemsdesus

eoris snoxodosawr yIm pay
-Ipowr apoxd3d dysed uoqre)

EOE.@U@_TOE UTOH—UU—\W

393133 AN
-as Ayprrydodry

19332
EYNRE] ERIEYAIN

1332
aA1p3[as aSrey)

uonenudd
RIGLERE |

sIsA[e3ed01)031q

s10suag paseg-wr snorodosapy pajrodsy Apuaiin) swog jo uostreduwo) ¢ d[qel,

https://doi.org/10.1021/acsomega.3c02013

24143

ACS Omega 2023, 8, 24128-24152


http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c02013?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

http://pubs.acs.org/journal/acsodf

ACS Omega
‘g
&
£
=
%]
%
g
2
v
-
[=Ie
=]
Q
—
£
=
Q
=
o
o
-
=9
L
&
. 0
g &
Q =
Q Es
— SRS
Es
PN —
£<
gm
) \ll)
8 S
(==
g S
5 S50
§ 25
£ o85S
— P~ —
<778
§W—<
o
L
g H!
2 E-a
S ﬁ_H"‘!
2 E03%
g a3 =
S BaSR
=T T
= e =]
%ﬂ'm\o
s
o
g
=1
=
5]
v
2
=]
ko
2
5]
v
2
U
A
v
5.
3

Table 3. continued

Electrode modification

Fenitrothion:

Fenitrothion:

Fenitrothion:

114.86 + 2.68 ppb

400—7000 ppb

121.98 + 2.77 uA

mM™!

been a considerable number of studies where mesoporous thin
films have been incorporated to improve the performance of
electrochemical biosensors.

Electrochemical biosensors can benefit from the inclusion of
mesoporous films, improving sensitivity, LODs, selectivity, and
stability. For instance, the mesoporous structure of the film
provides a high surface area, which can be used to immobilize a
large amount of biorecognition elements, resulting in higher
sensitivity and improved detection limits. Additionally, the
porous structure of the films composed of biocompatible
materials, such as silica, can also improve the stability and
activity of the biorecognition elements by reducing their
exposure to harsh environmental conditions. Finally, the
mesoporous structure can also reduce nonspecific binding
and exclude interferents or other molecules present in the
sample, which can improve the specificity of the biosensor.
Due to these enhancing possibilities, mesoporous thin films
have been incorporated into the design of different electro-
chemical biosensors.

The characteristics of MTFs and their associated electro-
chemical processes have found applications in the development
of different kinds of electrochemical biosensors. Silica MTFs
(SMTFs) are especially attractive materials for the develop-
ment of electrochemical biosensors because of their bio-
compatibility, high specific area, controllable pore structure
and size, and easy surface modification with chemical groups or
biomolecules. Titania and zirconia MTFs also present excellent
biocompatibility and have been used in the construction of
biosensors, although to a lesser extent since their chemistry is
less extended. However, pore control and surface functional-
ization are also simple and reproducible through different
chemical pathways.”®">*

Different strategies have been used to take advantage of the
versatility of MTFs according to the analyte and the type of
biological recognition elements. Regarding electrochemical
biosensors, two approaches have been used that involve the
immobilization (by adsorption, covalent bonding, entrapment,
or other means) of the biorecognition elements either on the
outer surface of the MTF or in its pore systems (Figure 11).
Mesoporous structure, pore size and structure, surface
functionalization and charge, and hydrophilicity are relevant
MTF features that can be tuned to improve enzymatic stability
and activity.”*'*> A critical aspect in order to immobilize
enzymes inside the SMTFs is the mesopore size. Typically,
lower enzyme loadings are obtained for larger pores, since the
specific surface area decreases with increasing pore size. It has
been noted that a pore size similar to or slightly greater than
that of the enzyme can not only lead to higher loading capacity
but also preserve the catalytic activity of the enzymes since
unfolding and denaturation are restricted by the MTF
framework. In brief, the pore and interfacial characteristics
must be adjusted to achieve high enzyme stability and loadings.

In addition to the incorporation of enzymes, the
mesoporous structure can be used to incorporate electroactive
species or conductive components.'*® The co-immobilization
of enzymes with electrocatalytic metallic NPs or the
incorporation of redox mediators has been assayed in order
to overcome the insulating characteristics of silica and enhance
electron transport toward the electrode. Several synthetic
aspects have to be optimized in order to successfully combine
enzyme activity and charge percolation through the conductive
species, which is applicable to sensors as well as other
electroactive MTF-based electrodes.”>” ™"’
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Figure 11. (A) Scheme of an MTF-modified electrode modified with a gating surface component (e.g., a responsive polymer or aptamer) on the
surface. (B) Scheme of an enzyme-modified mesopore and the principle of analyte detection.

Regarding immunosensors, capture assays using an enzy-
matic label conjugated to a secondary antibody in combination
with a redox mediator are a widely used strategy in
electrochemical biosensors, in which high sensitivity can be
achieved thanks to the high loads of immobilized antibodies on
the surface of mesoporous materials.'®

One of the most potentially interesting approaches for
biosensors using MTF electrodes is based on gating processes
that involve capping the nanochannels with an active
component that might assist biorecognition in response to
an external signal (Figure 11).1%! Strategies have been
developed for biosensors based on biorecognition events
blocking or unblocking the flux of redox probes through the
nanochannels to the underlying electrode. In this kind of label-
free, on—off sensors, the recognition event acts as a gate for the
electrochemical signal generation of the redox reporters.'®”
Different events may act as gating processes, and this approach
has been employed in enzymatic and affinity biosensors, using
biorecognition elements.

For instance, aptamers are valuable biorecognition elements.
The formation of aptamer—target complexes on MTF surfaces
promotes blockage of the MTF channels, inhibiting the
transport of redox species, which can be detected by
voltammetry or electrochemical impedance as a decrease in
current peaks or an increase in the charge transfer resistance.
This approach has been used for the detection of Prostate-
Specific Antigen using electrochemical aptasensors, in which
aptamers blocked the channel after target recognition.'”” While
many of the gated biosensors are based on blocking the
passage of redox species in solution after the recognition event,
Lee et al. reported a different approach based on the release of
methylene blue loaded in MTFs following the formation of
detachable aptamer—avian influenza virus complexes. The
sensing platform included a second MTF electrode capped
with a control aptamer, which did not react with the target, to
provide a baseline and correction to drifts due to
interferences.'*

Finally, field-effect transistor (FET) biosensors based on
nanomaterials such as silicon nanowires'®* and graphene'®®
have the potential of rapid and label-free detection of a wide
range of biomarkers. Indeed, FET biosensors detect changes in
the charge distribution at the surface of the transistor when
biomolecules bind to the biorecognition elements on the gate
electrode or the transistor channel.””” This change in the
electrostatic potential is then used to transduce the signal.

However, mobile ions in the solution can screen for this
electrostatic potential. For instance, the Debye screening
length under physiological conditions is below 1 nm, while
biorecognition elements and target analytes typically have sizes
of several nanometers. MTFs have been proposed as a means
to expand the field-effect length. Recently, silica MTF coatings
on graphene-based FET's were found to provide amplified and
extended field-effect sensing.'®® The extension and amplifica-
tion of the field effect have been explained in terms of the
increase of the Debye screening length in the mesoporous film,
which in turn is caused by the decrease of free ions inside the
pores due to Donnan exclusion. Additionally, the MFT's could
benefit from another mesoporous property such as size
exclusion, which resulted in improved selectivity toward the
detection of molecules smaller than the pore size.

This section is far from being exhaustive on the applications
of MTFs in the biosensor field, which is advancing at a very
fast pace. New strategies for the design of biosensors are
constantly reported taking advantage of the characteristics and
versatility of biofunctionalized MTFs, especially in combina-
tion with other nanomaterials and hierarchical structures.””'®”

6. INTEGRATION OF INTEGRATED CIRCUITS AND
MICRO-ELECTROMECHANICAL SYSTEMS FOR
ELECTROANALYTICAL APPLICATIONS

In the previous sections, we focused on the most relevant
aspects of the synthesis, development, and characterization of
MTFs for analytical applications. Here we move out from the
chemistry and physics of MTFs to study the integration of
these systems in the semiconductor industry to produce
sensors on a large scale. There are three basic elements that
must be integrated to obtain a completed functional device,
which can be of amperometric or potentiometric type: the
electrodes, the mesoporous thin film, and the associated
electronic circuitry (e.g, potentiostat or potentiometer). For
the assembly of this kind of device, two configurations can be
chosen: either a modular integration of the components or a
full integration into a single integrated circuit (IC). The
modular approach is the most commonly used one. It is based
on manufacturing the electrodes and then making the deposits
of MTFs by some of the aforementioned methods. The
working electrode (WE) and the counter-electrode (CE) can
be made of ITO, FTO, Au, or C (the performance depends on
the analytical requirements), and an external reference
electrode (RE) is used, generally an Ag/AgCl reference
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electrode. This configuration is very flexible since, in general,
the potentiostat can be configured for using different
electrochemical techniques and experimental parameters
(cyclic voltammetry, square wave voltammetry, differential
pulse voltammetry, impedance spectroscopy, etc.). There are
very interesting works in which mesoporous films could be
easily integrated into point-of-care (POC) devices. Potentio-
stats can be found in the literature with ad-hoc electronics that
use a complete three-electrode cell (WE + CE + RE) made of
disposable strips coated by screen printing or based on
commercial electrodes.'**'*” This approach is based on
manufacturing portable, inexpensive devices with specific
ranges of electrode potentials and currents in which a
mesoporous film could be easily deposited on the electrodes.
A higher level of integration is achieved with the integration of
the potentiostat, the electrodes, and the mesoporous film in
the same silicon die. There are some very interesting works
about the integration of working electrode arrays with a
potentiostat in the same device, for health ag?})lice}tions,wo with
modified surfaces,'”" or for multiple uses.”*7'7° In this case,
foundry facilities could be used to integrate a mesoporous film
in these electrodes, considering that the precursors and
condensation temperature can be adapted to its standard
integrated microfabrication processes. However, the most
serious problem lies in the integration of the reference
electrode, since there are no studies in the literature that
achieve a satisfactory integration of a RE in an IC. The
integration of a RE is not easy due to the complexity of the
electrode itself. In this sense, the use of inkjet techni(}ues for
printing a RE, such as that presented by Moya et al,'’® may
provide an approach to a complete integration of electro-
chemical sensors based on MTFs.

7. CONCLUSIONS AND OUTLOOK

After 20 years of their first reported synthesis, several pathways
have been developed to produce and integrate mesoporous
thin films as components of selective electrodes. In particular,
EISA and EASA processes lead to straightforward fabrication
and swift integration on metal or semiconductor electrodes.
MTF chemical composition and pore size can be optimized for
robust and highly accessible and addressable electrodes. This
has spurred a new field, and the central questions are being
answered convergently from several disciplines: materials,
physical and analytical chemistry, bioscience, and materials
science. Important advances have been made in the control of
composition, pore diameter, structure, and functional surface
control. Concerning synthetic aspects, the next directions will
probably imply combining patterned microelectrode arrays
with MTFs presenting localized control of functionalization
(i.e., with arbitrarily located molecular, biomolecular, or nano
species in the micron—submicron scale), in order to generate
arrays of specifically responsive MTF-functionalized electrodes
that give rise to analytical signatures. In addition, the
development of low-temperature methods to deposit MTFs
on flexible substrates is desired, in order to exploit these
technologies in wearables or textile-embedded sensors. The use
of artificial intelligence (Al)tools in the design, synthesis, and
signal interpretation of these analytical systems will be
desirable, in order to generate artificial tongues able to deal
with complex matrices.

The unique feature of MTFs (and the more explored so far)
is their role as a highly tunable perm-selective thin layer that
excludes undesired molecules (interferences, electrode fouling

agents, large molecules) and that preconcentrates the desired
analyte. Harnessing pore size and interconnectivity, as well as
tailoring pore surface and interior, gives a wide palette of
possibilities to exploit selective pore and electrode accessibility
through size sieving, and the use of electrostatic or
intermolecular interactions. Thus, a new sensitivity and
selectivity toolbox that exploits steric exclusion and preconcen-
tration effects emerges from mesopore confinement and
surface functionalization. The initial efforts have led to robust
electrodes with high-quality signals and reasonable limits of
detection and quantification, even if the signal generation and
analyte/interference processes involved are still not completely
understood.

It is important to stress that both the EISA and EASA
processes lead to accessible mesopore systems. Since the
beginning of the field, the slow preconcentration and complete
exclusion behaviors observed on a mesoporous silica electrode
were ascribed to the horizontal orientation of the mesopore
channels that should lead to sluggish access to the electrode.”’
Since then, several efforts have been carried out to understand
the role of pore orientation in molecular transport. It has been
demonstrated that both EASA methods that lead to vertical
hexagonal pore arrays and EISA-derived 3D interconnected
mesopore structures present high accessibility and fast
electrode response. However, to date, no systematic compar-
ison between both methods has been undertaken, which
should shed light on this matter. In addition, the possibility of
hierarchical meso-/microporosity to improve the electrode
accessibility is tempting,””'”” and some results emerge that
demonstrate an increased performance attributable to macro-
pores in electrodes,'”® that could be translated to mesoporous
organized thin films.

The electrochemical characterization of MTF-modified
electrodes permits researchers to understand some general
relevant aspects concerning molecular transport along
mesopores. First, there is ample evidence that molecule
transport, including exclusion or preconcentration phenomena,
can be harnessed by controlling the mesopore size and the
pore surface or interior. Interactions with the wall and partition
phenomena can lead to increased sensitivity and selectivity by
excluding interferences and preconcentrating analytes. How-
ever, more studies are necessary in order to understand more
precisely the ability of pores and surfaces to preconcentrate or
exclude particular molecules and to define the relevance of the
mesopore structure derived from EISA and EASA in molecular
transport and electrode performance. Several aspects linked to
confined transport and electrode dynamics remain yet
unexplored. Their in-depth study will no doubt provide a
better description of the effect of potential gradients created
within the pore systems and how they may affect the transport.
For example, radial gradients of potential and/or ion
concentration could produce local pH effects, and transport
mechanisms linked to diffusio-osmosis can intervene.'”’
Harnessing these effects opens the gate to MTF electrodes
becoming a sound platform for the new fields of iontronics and
biomimetic communications.'*"®'

An aspect that requires particular attention toward analytical
applications is the electrode performance in realistic matrices.
The role of ionic strength is very relevant, and even modest ion
concentrations on the order of millimolar, which are typical in
biosamples, can “turn off” molecular exclusion. In biological
samples, fouling due to proteins (typically, the formation of a
protein corona) is also an issue. So far, some promising work
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has demonstrated that molecules of interest in the environ-
mental, food, or health fields can be detected in the nanomolar
to millimolar range, with reasonable LODs. In these scenarios,
functionalization of the external film surface or pore surface
with polyelectrolytes could be an alternative to generate
optimized perm-selective nanosystems with improved perform-
ance. In general, most of the presented work regarding
pollutant determinations is performed in low-ionic-strength
solutions of the studied molecule, generally in the absence of
heavy interferences. This model can be indeed useful for the
analysis of natural waters or water quality control, but other
fluids (e.g., in the food or oil industries or in biological fluid
sensors) present more stringent requirements regarding matrix
and interferences, particularly in surface fouling. Therefore,
more work devoted to analyzing real analytical matrices should
be carried out in order to exploit the real potential of MTF ion
sensing and thus achieve realistic figures of merit. Last, but not
least, reproducibility of synthetic methods and sensor response
repeatability, both in batch-to-batch production and in long-
term operation, are relevant aspects that deserve to be studied
when considering scaling up to real analytical devices.

A wide field of opportunities has emerged by combining
mesopores with biomolecules. The reported pore-blocking
strategies that use the selective assembly of aptamers or host—
guest complexes are interesting and a growing concept. The
high stability and functionality of electroactive enzymes in
mesopores' ~'** anticipate that perm-selectivity and signal
amplification can be combined, for example using MTEF-
embedded enzymes whose activity can be modified through
the presence or absence of an analyte. Tandem enzymatic
systems could also be used to translate one non-electroactive
analyte to an electrode signal, imitating natural systems.

The incorporation of responsive modules to MTF-modified
electrodes can indeed be a breakthrough, as it will impart the
possibility of creating systems adaptable to external solic-
itations. A wealth of mesoporous responsive systems that stem
from the combination of mesopores, nanoparticles, and
stimuli-responsive molecules or polymers is available for
exploring this concept, which leads to a wealth of different
behaviors, from active gating to autonomous and program-
mable materials that might, one day, take their own
decisions.”' #4186
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