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Chemical sensing is a strategic field of science and technology ultimately aiming at improving the quality of
our lives and the sustainability of our Planet. Sensors bear a direct societal impact on well-being, which
includes the quality and composition of the air we breathe, the water we drink, and the food we eat. Pristine
low-dimensional materials are widely exploited as highly sensitive elements in chemical sensors, although
they suffer from lack of intrinsic selectivity towards specific analytes. Here, we showcase the most recent
strategies on the use of (supra)molecular interactions to harness the selectivity of suitably functionalized 0D,
1D, and 2D low-dimensional materials for chemical sensing. We discuss how the design and selection of
receptors via machine learning and artificial intelligence hold a disruptive potential in chemical sensing,
where selectivity is achieved by the design and high-throughput screening of large libraries of molecules
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DOI: 10.1039/d1mh01117k response speed, and reversibility, as milestones for true practical applications. Finally, for each distinct class

of low-dimensional material, we present the most suitable functionalization strategies for their incorporation
rsc.li/materials-horizons into efficient transducers for chemical sensing.
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the environment drive their application as sensitive elements in
chemical sensing."”® They allow prompt reconfiguration of the
architectures of the sensor, whose response to the detection of
the chosen analyte becomes no longer limited by extrinsic
factors such as the slow diffusion of target molecules through
the active material or the presence of structural traps for small
molecules/ions. The unique features of LDMs determine the
highest responsiveness, sensitivity, and reversibility combined
with the lowest limit of detection (LoD) in the sensing process.
With the advancement of nanoscience and nanotechnology, a
large arsenal of LDMs has become available. In particular, 0D -
nanoparticles (NPs), 1D - nanotubes (NTs), nanowires (NWs),
and nanofibers, as well as 2D - metal-/covalent-organic frame-
works, graphene, and related materials represent the ideal
sensory components to be readily integrated into devices.»*™?
The interaction between LDMs and analytes should preferably
occur at the non-covalent level.'* LDM-analyte covalent binding
should be avoided as it leads to irreversible interactions, being
suitable only for single-use disposable sensors.">"® In fact, non-
covalent interactions are sought-after since quick responses
and fast recovery rates are required to enable continuous
analyte monitoring. However, the main shortcoming is the lack
of selectivity of several LDMs towards the analyte, since the
interaction between the two components is intrinsically unspe-
cific. Fortunately, such a limitation can be chemically over-
come; fine selectivity can be attained via functionalization of
LDMs with appropriate (supra)molecular receptors which can
recognize the target species via one or multiple non-covalent
interactions (e.g., hydrogen-bonding, metal-ligand bonding,
van der Waals, and electrostatic interactions, or hydrophobic
forces).>'"'” Ad hoc chemical receptors should be designed
having an optimized size, geometry, dipole and quadrupole
moments, and surface charges, ultimately guaranteeing the
highest discrimination among chemical species in the sensing
process (Fig. 1). In such a way, the detection of ions, heavy
metals, small (bio)molecules, and all kinds of analytes can be

Artur Ciesielski obtained his MSc
degree from Adam Mickiewicz
University, followed by his PhD
degree from the University of
Strasbhourg. In 2016, he became a
research associate at the Institut de
Science et d’Ingénierie Supra-
moléculaires (ISIS) and CNRS. In
2018, he was appointed as visiting
professor at the Centre for
Advanced Technologies of Adam
Mickiewicz University in Poznan
(Poland). He is member of the
Young Academy of Europe (YAE).
His research interests include the design of supramolecular systems,
self-assembly of nanopatterns, and production and chemical
modification of 2D materials.

Artur Ciesielski

2686 | Mater. Horiz., 2021, 8, 2685-2708

View Article Online

Materials Horizons

accomplished with high selectivity and sensitivity by monitor-
ing variations of optical properties (e.g., a change in absorbance
and/or fluorescence intensity or Raman signals) or electrical
characteristics (e.g., capacitance, resistance, voltage, etc.) of
LDMs incorporated in suitable transducers. By taking advan-
tage of the major and recent progress in optoelectronics,
functionalized-LDMs can be integrated into portable, flexible,
lightweight, and low-cost devices operating with ultra-low
power for a new generation of sensing technologies, which
can be ultimately wearable.'®

Here, we review the design and fabrication of selective
chemical sensors based on functionalized LDMs from the choice
of the analyte of interest to the LDM integration into suitable
transducers. We discuss the importance of the receptor design
and then present the most enlightening and recent strategies
developed for the functionalization of LDMs to achieve selectivity
via (supra)molecular interactions. We also discuss the future
directions, challenges, and opportunities to expand the frontiers
of chemical sensing towards sensory technologies with potential
impact in environmental sciences and biomedical applications.
Topics out of the scope of this review include LDM fabrication
methods, indiscriminate combinations of several LDMs in a
single device to achieve selectivity, and the use of bioreceptors
(ie., biosensors). Our goal is to discuss the major benefits,
progress, and limitations derived from the rational and direct
functionalization of LDMs with (supra)molecular receptors for
selective chemical sensing and practical applications.

Indispensable characteristics and key
performance indicators (KPIs) in
chemical sensors

Selectivity is the ability of a sensor to exclusively detect the
analyte of interest in the presence of other species. This is not a
simple task given the enormous number (>107) of known
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Fig. 1 Representative functionalization of 0D, 1D, and 2D LDMs with ad hoc chemical receptors for the (supra)molecular recognition of analyte species

in the presence of interfering compounds.

molecular substances and possible chemical similarities
between them in terms of size, surface charges, or structure,
and their presence in complex media. To ensure efficient
selectivity, the receptors targeting the chosen analyte should
be optimally immobilized on the LDM’s surface either via
covalent or non-covalent bonds. Such functionalization can
be performed either in solution, i.e., before the LDM incorpora-
tion into the sensing unit, or directly on the sensor surface. The
weak magnitude of (supra)molecular interactions can be inap-
propriate for the immobilization of receptors on the LDM
surface when sensors need to endure long assays or tests in
harsh conditions (e.g. in saline or acidic/alkaline solutions, or
in biological media).'® In such cases, the use of stronger or
multivalent (supra)molecular interactions or even better cova-
lent approaches is more suitable.

While LDM functionalization can be achieved by both
covalent and non-covalent strategies, analyte recognition is
best regulated by non-covalent interactions. Receptors capable
of interacting with analyte molecules via (supra)molecular
forces include molecular containers, multidentate ligands,
polymer coronae, among many other types of molecules and
macromolecules.>*>?! The arrangement of receptors and the
intrinsic properties of LDMs (e.g., the presence of defects or
charges) are critical for the sensing properties if not accurately
controlled.>® While selectivity is key, it becomes meaningless

This journal is © The Royal Society of Chemistry 2021

without the cross-reactivity analysis, where the sensor is
exposed to a variety of species chemically similar to the
target analyte. Several reports claim unprecedented analyte
selectivity for a multitude of LDM-based sensors, but the lack
of cross-reactivity information makes them irrelevant for real
applications." Sensors claimed to be selective without present-
ing well-grounded cross-selectivity assays are disregarded in
this review as they do not hold potential for realistic
applications.

Once selectivity is achieved, the LoD and Sensitivity become
the most important indicators of the sensor performance. A
sensor is considered highly sensitive when it boasts a low LoD,
with LoD and sensitivity being frequently regarded erroneously
as synonymous. However, while LoD represents the limit below
which the detection of an analyte is impossible due to the
background noise, sensitivity indicates the capability of the
sensor to differentiate between two very close concentrations of
the analyte. Alongside, the use of experimental and calculated
LoD has also been frequently controversial. As a common
example, a sensor calibration curve that can be linearly fitted
follows the equation:

S=mC+i ®

where S is the output signal (e.g., absorbance, Raman
intensity, electric current, etc.), i, the intercept, is known as

Mater. Horiz., 2021, 8, 2685-2708 | 2687
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noise or error term, m is the sensor sensitivity, and C is the
analyte concentration.

The LoD can be calculated from eqn (1), as stated by
IUPAC:*

SL = SB + kUB (2)

where Sy, is the smallest detectable signal, Sy is the average
input signal, op is the standard deviation of a blank sample (no
analyte), and k is a numerical factor chosen following the
confidence level desired (usually 3). The LoD is a function of
S;, and therefore:

SL — Sp

LoD = — (3)

Because the mean blank reading Sg is not always 0, the
signal must be background corrected. Hence:

LoD = ko8 (4)
m

However, the LoD value obtained only reflects the real limit
of detection when m is well-defined and it is essentially 0.
Although this calculated value represents the real limit of the
sensor, it is commonly presented as the LoD of the system and
the experimental value is never determined or is much higher
in absolute terms.

The Responsiveness of a sensor, ie., the response and
recovery time of the output signal, is also of paramount
importance. Ideally, most sensors should respond ‘“‘instanta-
neously” (<1 s) to the analyte presence. Non-covalent analyte
recognition endows fast responses and signal recovery to
sensors, being pivotal for continuous monitoring. However,
the response and recovery time will depend on the affinity of
the receptor for the analyte of interest. The higher is the affinity
of the receptor to the analyte, the faster would be detection, but
also very likely the slower will be the signal recovery. Therefore,
a compromise is required while developing the sensor.
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Disposable sensors, ie., single-use devices (e.g., paper strips
for pregnancy tests or personal glucose meters), do not suffer
from such a trade-off, as sensor recovery is not necessary.

Analytes and their (supra)molecular
receptors

To implement selectivity in chemical sensors, the careful
choice or design of an ad hoc receptor is of utmost importance.
While receptors that display proven selectivity towards a given
analyte can be used to develop a new type of transducer or
technology, uncommon or unexplored analytes will demand
the design and synthesis of novel artificial receptors with
optimized affinity. Thus, the first step to program selectivity
in chemical sensing is to have a clear understanding of the
chemical constitution of the target analyte and possible exist-
ing interfering compounds.>® Analytes of interest are manifold
and can be roughly classified as cations and anions, gases,
biologically-relevant molecules, explosives, toxic substances
(e.g., polycyclic aromatic hydrocarbons (PAHSs), pesticides,
environmental pollutants, etc.), pharmaceutical agents, to
+891L17 The greater the structural and chemical
complexity of the analyte (e.g., large molecules with numerous
and different chemical groups), the more challenging is the
receptor design. For instance, to ensure the selective detection
of metal cations (a class of relatively simple analytes), their size
(ionic or hydrated radius), charge density, and ‘hardness’ are
the important characteristics to be considered. Even if such
aspects to be considered are narrow and the underlying prin-
ciples for the metal complexation are relatively well under-
stood, the number and variety of receptors for metal cations
that can be found in the literature are vast (see Fig. 2). To
illustrate that, let us consider the detection of heavy metal ions
(HMIs), which are an environmental threat with severe con-
sequences to human health. According to the European Parlia-
ment and the Council of the European Union,> some

name a few.
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Fig. 2 Schematic representation of some (supra)molecular receptors for HMIs (illustrated as a brown sphere) and their binding sites.
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hazardous HMIs and their maximum allowed content in drink-
able water for safe consumption are: Hg®" 1 ppb; Pb** 5 ppb;
Cd** 5 ppb; Cr** 50 ppb; Cu®* 2 ppb; Zn>* not yet regulated; Ni**
20 ppb and Co>". By screening the literature, a wide range of
multidentate ligands presenting high affinity towards such
HMIs for use as (supra)molecular receptors can be found
(Fig. 2). These include ethylenediaminetetraacetic acid
(EDTA)***” and meso-2,3-dimercaptosuccinic acid (DMSA)**?°
derivatives for Hg>*, 1,10-bis(2-(2-hydroxyethoxy)ethyl)-
4,7,13,16-tetraoxa-1,10-diazacyclooctadecane  (BHE(E)-18-
aneN,0,)*° and 1,10-phenanthroline-2,9-dicarboxylic acid
(PDA)*' for Pb>"; 2,2'-bi-1,10-phenanthroline (BIPHEN)>?
and (2,9-di-(pyrid-2-yl)-1,10-phenanthroline) (DPP)** for
Cd*"; calix[6]arene (CALIX-6)*° and N,N/-bis(2-hydroxybenzyl)
ethylenedi-amine-N,N-diaceticacid (HBED)*® for Cr*"; ethylenedia-
mine-N,N'-diacetic acid (EDDA)** and 2,2'-((((phenylazanediyl)
bis(ethane-2,1-diyl))bis(azanediyl))bis(methylene))bis(4-methoxy-
phenol) (PEAMM)** for Cu®"; (4-{[2-(bis-pyridin-2-ylmethyla-
mino)ethylamino]-methyl}phenyl)methanesulfonic acid, sodium
salt (DPESA)*® and [4-({[2-(bis-pyridin-2-ylmethylamino)ethyl]
pyridin-2-ylmethylamino}-methyl)phenylJmethanesulfonic acid,
sodium salt (TPESA)*® for Zn*'; 1,4,7-triazacyclononane-
N',N’,N"-triaceticacid (TACNTA)*° and dimethylglyoxime
(dmgH2)*” for Ni**; and various terpyridine (terpy)
derivatives®®*° for Co>" recognition.

It is fair to note that a definitive receptor for a given HMI
does not exist. Similarly, if we consider the recognition of
spherical anions, such as Cl™ or Br, the design and selection
of receptors would follow pretty much the same guidelines as
those discussed for metal cations. Again, a vast repertoire of
chemical ligands for simple anions can be found.>**"*° Upon
increasing the structural complexity of the target analyte, the
design of an efficient receptor becomes more and more sophis-
ticated. For example, for non-spherical ionic species, additional
aspects such as hydrogen bond donor/acceptor characteristics
should be considered. Charged organic analytes may require
receptors with both hydrophilic and hydrophobic regions,
while neutral species may lack specific ‘handles’ such as polar
groups that can strongly interact with the receptor. Since
receptor-analyte interactions occur through binding sites, the
number of such receptor binding sites must be selected in a
fashion that is most complementary to the characteristics of
the target analyte, but not with those of the interfering com-
pounds. Affinity, which is a function of receptor binding size,
the ease of access to its binding pocket, cavity, or cleft by the
target molecule, and association via multiple (supra)molecular
interactions, are described by a set of thermodynamic and
kinetics parameters. These are translated into the binding (or
association) constant, which can be recalculated as the free
energy of binding, binding enthalpy and/or entropy, kinetic
adsorption and desorption constants, and activation energies
for binding and dissociation.>°

Extensive knowledge (especially quantitative information)
on such affinity-related parameters is pivotal for the appro-
priate choice or design of a receptor. Such information
can be obtained both from experimentation and simulation.

This journal is © The Royal Society of Chemistry 2021
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Experimental affinity data include assays in solution via titra-
tion and analysis of the receptor-analyte binding by a multitude
of analytical methods, studies in the condensed phase from
Langmuir isotherms, and on surface from electrochemical,
mechano-acoustical (e.g., quartz crystal microbalance), or opti-
cal techniques (e.g., surface plasmon resonance, SPR). Compu-
tational approaches include hybrid quantum mechanics/
molecular mechanics simulations and density functional the-
ory (DFT) studies. Over the years, the amount of data has
become immensely large, so the design and selection of artifi-
cial receptors do not need to rely solely on the human ability to
read the literature to select the best examples or to implement
novel synthetic strategies. Machine learning and artificial
intelligent tools have boomed recently for predicting properties
of materials and their rational design.*' However, to the best of
our knowledge, the use of machine-learning methods for
selecting or designing appropriate chemical receptors has yet
not been fully achieved. Most machine-learning approaches for
sensing focus on pattern recognition of multidimensional
multisensor response (e.g., e-tongues) to discriminate analytes
from their interfering species.”” In this case, selectivity is
achieved via some sort of serendipity instead of being a fore-
seen or programmed event. Fortunately, some initial attempts
to identify how different chemical receptor groups interact with
the target analyte using machine-learning become to flourish in
the literature.*’

The in silico determination of (supra)molecular receptors via
machine-learning would involve building up a framework
based on a set of affinity parameters, such as the binding/
association constants and related quantities for several known
receptor-analyte pairs (e.g., metal-ligands).** Such descriptive
parameters should be broad, e.g., by using their minimum,
mean, and maximum values, range, and mean absolute devia-
tion, found in the literature under varied conditions (e.g.,
temperature, solvent medium, etc.) to ensure flexibility for the
model processing. Yet, they need to be specific enough to
guarantee that the set of affinity parameters has a unique
correspondence with the target analyte. The input can be either
experimental or computational (e.g., DFT calculations) data. It
is not necessary to know exactly how each characteristic of the
receptors (viz., their chemical groups and properties) affects the
selectivity for the analyte. This information is already
accounted into such affinity parameters, and the receptor-
analyte relationships will arise from the machine-learning
processing.*! The next step is to train the models with a large
data set of selected attributes using a few supervised available
algorithms. Several already-developed, multi-purpose machine-
learning algorithms are available (e.g., Random Forest,
k-Nearest Neighbours, Support Vector Machines, Adaptive
Boosting, Artificial Neural Networks, etc.), each of them pre-
senting unique advantages.”” The method must be agnostic to
the type of training, thus using multiple algorithms is recom-
mended for improved accuracy. Data partitioning, i.e., group-
ing the data set into chemically similar parts and training a
different model on each subset, increases the predictive power
of the models under evaluation.*"*® Following, the model must

Mater. Horiz., 2021, 8, 2685-2708 | 2689
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be validated and tested against several known receptor-analyte
affinity attributes. Finally, high-throughput calculations will allow
to one screen larger amounts of chemical structures (viz. millions
of molecules) as potential receptors for the target analyte
specie.*”** Thus, any compound envisaged as ad hoc chemical
receptor (existing or idealized) can be verified against the model to
predict its affinity towards the analyte prior to any synthetic
development or LDM functionalization. Chaube et al,* for
example, developed a machine learning framework for predicting
binding affinities of lanthanide cations with several structurally
diverse molecular ligands. They employed 698 organic and inor-
ganic ligands, 15 lanthanide cations, and 8 solvent media in the
model, which was then used to screen 71 million molecules from
a public repository. The determined binding affinities for several
cation-ligand pairs were compared with the experimental values
from the literature, which is the basis for choosing the best
ligand(s) for a given (or set of) lanthanide cation(s). However, no
functionalization of LDMs with such selected potential receptors
or a practical chemical sensor have been demonstrated, which
emphasizes the need for strengthening the relationships between
experimental research and data science.

The predictive design of artificial receptors via machine
learning holds a disruptive potential in chemical sensing and
perhaps can one day mimic the intrinsic high affinity of
bioreceptors, such as enzymes and antibodies, where several
(supra)molecular interactions orchestrated by nature ensure
fine selectivity. Various review articles discuss the characteris-
tics of a multitude of existing (supra)molecular receptors and
the assessment of their specificity for the detection of metal
cations,*” anions,*”*® gases,”” PAHs,*”*° explosives,*”*® and
pesticides.”””" Covering such a wide variety of receptors would
need an extensive review, which is out the scope here. Readers
can find more about the synthetic receptors for chemical
sensing by referring to books dedicated to this topic.>**"

Functionalization of LDMs with
chemical receptors

Once the ad hoc receptor for the analyte of interest is defined, the
next step consists of its anchoring on the LDM surface. The density
and arrangement of receptors on the surface need to be optimized
to avoid uncoated areas (source of unspecific analyte binding), so
that all available recognition sites interact simultaneously with the
analyte. The most stable complexes are generally obtained with
receptors that are pre-organised (i.e., covalently anchored on LDM
surface) for analyte binding, where there is no entropically and
enthalpically unfavourable rearrangement on binding that reduces
the overall free energy of complexation. In the following, we
present the LDMs frequently employed in chemical sensing and
a summary of their main functionalization routes.

OD Nanostructures

0D structures or NPs have been exploited in chemical sensors
for decades because of their high chemical stability, high

2690 | Mater. Horiz., 2021, 8, 2685-2708
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surface-to-volume ratio, and unique optoelectronic properties
resulting from the space confinement. NPs, which include
metals, metal chalcogenides, oxides, and quantum dots can
be produced at high yield with full control over their size,
structure, and composition through straightforward colloidal
chemistry.*”* Typically, the synthetic routes presently exploited to
fabricate functionalized NPs are: (i) receptor-mediated reduction
and stabilization, (ii) seeded growth combined with receptor
stabilization, and (iii) NP post-synthetic modification.*>* Post-
synthetic NP functionalization, ie. ligand exchange reaction or
secondary modification, is the most versatile for sensing, which
allows the use of countless molecular receptors, opening numer-
ous options for ensuring analyte selectivity.® Independently of
the synthetic route, the most extensively employed NP functiona-
lization strategy relies on metal-thiol covalent linkage. In fact,
various receptors having thiol or other sulfur-containing moieties
can covalently tether metallic and metal oxide surfaces.*>”” More
harsh approaches towards these linkages include metal-carbon
(by aryl diazonium derivatives),”® metal-carbene or metal-nitrene
(via diazo derivatives),>® or metal-acetylide/~vinylidene (via acet-
ylene derivatives)®® covalent bonds. Despite its weaker interac-
tions, amines, ammonium ions, negatively charged carboxylate
groups and phosphines can also be used for the effective NP
functionalization.>**!

1D Nanostructures

1D nanostructures are high aspect ratio LDMs, typically classi-
fied as NWs, NTs, nanofibers, nanobelts, nanofilaments, and
nanoribbons. Metal, metal oxide, inorganic and polymer semi-
conductor NWs, and carbon NTs (single or multiwalled) are
some of the main 1D LDMs exploited for chemical sensing.’>
Each 1D nanostructure can also exhibit a multitude of distinct
characteristics depending on their composition and structure,
e.g. single or compound semiconductor NWs, carbon NTs
(CNTs) of different chirality and electrical properties (metallic
or semiconducting), etc., leading to unlimited possibilities for
the rational design of chemical sensors. For CNTs, non-
covalent functionalization often involves their physical mixing
with small molecules or macromolecular receptors, where
tethering is driven by van der Waals forces, hydrophobic, or
n-m interactions.” CNT covalent modification, on the other
hand, can be achieved by side-wall reactions or at the CNT
termini via a variety of methods by exploiting intrinsic or
induced defects.®® A common covalent strategy to functionalize
the end-tip of CNTs relies on their oxidation to produce
carboxylic acid moieties, which are further used to graft specific
receptors via amidation/esterification linkage or carboxylate—
ammonium interactions.®® Both non-covalent sidewall functio-
nalization or end-tip covalent modification of CNTs are
preferred to minimally perturb their m-delocalized electronic
system and related electrical and optical properties (e.g
conductivity, bandgap, etc.). Yet, covalent approaches require
careful control to achieve an optimal balance between
the degree of functionalization and preservation of the CNT

This journal is © The Royal Society of Chemistry 2021
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n-delocalized electronic system. Regarding conducting polymer
(CP) 1D structures, their functionalization can also be achieved by
non-covalent approaches, such as physical mixing, or covalent
modifications based on side-chain reactions, copolymer for-
mation, and molecular grafting, depending on the CP chemical
composition.®” Metal and metal oxide NWs can be functionalized
with molecules bearing a thiol, amine, silane, or phosphonic acid
anchoring moiety to introduce functional groups for further
grafting of ad hoc receptors, similarly to the functionalization
strategies discussed for 0D nanostructures.

2D Nanostructures

2D materials (2DMs) equally possess great potential for
chemical sensing resulting from their distinct properties deter-
mined by their atomically thin structure.'®'"**~%” Their light-
weight and highest surface-to-volume ratio make them
particularly suitable for coating large surfaces. Graphene,
transition metal dichalcogenides (TMDs), metal oxides,
nitrides, and carbides, along with single-element graphene
analogues known as MXenes, compose a plethora of chemically
and structurally distinct 2DMs with vastly diverse
properties.’*'"%+%” For example, graphene’s elevated charge
carrier mobility (>10000 cm® V™' s7') is very appealing for
sensors with an electrical readout, while the TMD tuneable
band structure is a powerful resource to develop optical
sensors.®>®® Depending on the production method, the degree
of defectivity in 2DMs varies significantly thereby impacting
their properties, processability, and ultimately the sensor
performance.

The decoration of 2DMs with selective ad hoc receptors can
be achieved via diverse methods, depending on the 2DM of
choice and receptor.®®”° For example, graphene oxide (GO) and
reduced graphene oxide (rGO) are graphene-based materials
whose processability complies with industrial fabrication
requirements (e.g., large-scale solution processing and coating
methods)”" and the abundancy of oxygen-groups are ideal for
functionalization via covalent binding. Such excess of oxygen
groups makes the GO’s surface highly negatively charged,
which is an additional advantage for its functionalization
via electrostatic interactions. Among the most common strate-
gies is the functionalization of GO and rGO with macrocyclic
host molecules (viz. cyclodextrins,”>”®  calixarenes,”*””
pillararenes,”® crown ethers,”” cucurbiturils,”® etc.) which is
known to yield stable host-guest complexes with several
organic, inorganic, biological guest analyte molecules via
(supra)molecular interactions. The functionalization is typically
achieved via the so-called wet-chemical method where GO is
dispersed in solution in the presence of the macrocyclic recep-
tor, followed or not by its chemical reduction depending on the
sensing technology. The receptor molecule binds non-
covalently to the large surface area of GO (or rGO) flakes at
high loads, for example, larger than on CNTs (ca. 38.2 wt% vs.
9.5 wt%).”® While the key role played by the oxygen-containing
groups in GO and rGO is perfectly highlighted by their
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functional capabilities, those groups cannot be fully eliminated
during the material functionalization. Such remaining oxygen
groups on the basal plane and at the edges of 2D sheets
jeopardize the material’s selectivity, as they bring into play
spurious background dipolar interactions which cannot be
easily distinguished from the desired receptor-analyte signal.
Graphene - the first reported and most studied 2DM - has
been extensively employed in chemical sensing mainly thanks
to its remarkable electrical properties. In particular, graphene’s
extended sp>-hybridized carbon network makes it especially
suitable for functionalization with planar aromatic molecules
via n-n stacking.’®”%*® Pyrene-derivatives bearing a functional
substituent or receptor moiety can functionalize graphene
without disrupting its extended honeycomb structure and
resulting outstanding electronic properties. The majority of
applications though that use of pyrene-derivatives to functio-
nalize graphene still relies on the immobilization of biorecep-
tors for biosensing.®'®® Alternatively, covalent methods to
functionalize graphene can be achieved via the activation of
point defects (i.e. absent sp® carbon atoms on the basal plane)
using highly reactive free radicals, such as those produced by
diazonium salts or benzoyl peroxide.®>® This process, how-
ever, if carried out in excess can jeopardize the remarkable
electrical properties of graphene. Finally, non-graphene 2DMs
for sensing include mostly semiconducting TMDs, black phos-
phorous (BP)/phosphorene, and MXenes. While numerous
applications rely on non-functionalized 2D materials'"°*%%%”
examples employing ad hoc chemical receptors for selective
recognition are very scarce (see Table 1), indicating a window of
opportunity for materials and strategies of this kind. A few
examples of functionalized non-graphene 2DMs include the
non-covalent wet-chemical strategy of BP sheets with macro-
cyclic receptors®® and the covalent attachment of thiol-
modified molecules at the sulphur vacancies of MoS,.*° The
rational exploration of natural or induced defects in 2DMs for
attaining new functionalities is a powerful strategy for sensing.

LDM integration into sensing platforms

LDMs can be produced via either top-down (e.g., lithography,
focused ion beam milling, etc.) or bottom-up approaches (e.g.,
chemical or electrochemical deposition, self-assembly, etc.).
The incorporation of LDMs of different size (diameter, length-
to-diameter ratio, or lateral size), chemical composition (mono-
or multi-elemental structures, such as core-shell), structural
complexity (individual LDMs or arrays thereof), and arrange-
ment (aligned or unaligned distribution, with varying density)
into sensing platforms can be achieved by two major strategies:
(i) in situ growth of the LDMs right onto a device platform (e.g.,
paper strips, pre-patterned electrodes, etc.), or (ii) ex situ growth
of the LDMs, followed by their transfer to the transducer’s
surface. In situ growth of LDMs on a device platform usually
leads to more robust and industrially compatible approaches.
Meanwhile, ex situ growth and manipulation of LDMs
take great advantage of the major steps forward made by

Mater. Horiz., 2021, 8, 2685-2708 | 2691


https://doi.org/10.1039/d1mh01117k

View Article Online

Materials Horizons

Review

PIOR JIQI00SE pue

‘pIoe oLIN ““QYH ‘QUTWEB[OW ‘OUO0IOB[OTY} JUTIISAD
-OwoY ‘auIuneaId ‘[012sajoyod ‘duoryreInd

JO WI0J PAdNPAI pUR PIZIPIXO dY} ‘UlOJUR[[R
‘ourjoxd-1 ‘ouruerejduayd ‘oururdre ‘ourpea
‘ueydoyd4An ‘urdf3 ‘aurarsAd ‘asoloef ‘asod
-ni3 ‘proe dIopURW [A[[TUBA ‘PIOBII[[ITUBAOWIOY

60T  urw 0T  JAM 0°08-JNU 0°00T WU 0z ‘proe orodif ‘oreydsoyd-c-exopuiAd ‘uiaejjoqry  9ouadsaIong SN Ny ULIX9PO[IAD-¢ aurwedoq
proe orwein(3
pue ‘oursA] ‘proe o1 ‘9soong3 ‘ouIsoIf)-1 ‘proe proe
0T uru g W 1I-1°0 WM £0°0 onadeajopulkxoipAy-s ‘ounydourds ‘ouruedoq  d1L@WIIO[0D SIN NV dIU0I0q pue apAyapezuag sunydaurdaioN
S9[NOS[OW JUeAd[2I A[[eor3o[org
£EOND pue ‘“O°H urifydiod(jAuaydAxoqred
€0T  Sw 08F Wu 00T-Nd T Wd 1 ‘oururdre-1 ‘OurdA[3 ‘91eqI00SE WNIPOS ‘PIok JLIN 1AL 091 -7)e119)-0S9N
suoydeid
701 S > W $'0-N1 8T°0 AU 08T _fON ‘osooni3 ‘_“ON W%Om .+~mU ﬁmz ‘1D .+M [B21WAY201393[] padoa-N auruefooreyiyd uoiy ON
sasen
oprurerenbs
[Auayd(jAyzoworongyin)sig
10T U ¢< W £€°¢8-/T1°0 AW £T°0 _fON pue ‘_1g ‘_[D  IOISISaIrwayD SINDOMS -¢'e _0dV
IpuIoYyd
00T S/-T 73w 87-8200°0 LT _f0D *_;7Os 1D 14L 091  wnruowweAyiatnfzuag _fON
(NHVA) (s10ZBqTRD [AUIA-ON
-00-91e[A10% [AYIAXOIPAY
66 S 05 < WH s2-10°0 N €000 2500N[3 ‘Bain ‘03enId WNIPOS ‘“[D31 ‘_EON [BIIWIYO01I[H SINDOMIN -z-09-9p1wie[A108)A[0d _“ON
suoruy
I9U39 9-UMOID-8T
86 s 8T WH 000T-T Wi T .S PuE _BD ‘BN  103SISaIrwoyD SIN Ny -0ZU3d]IP dUIAYIdWOT A I
(Ajsnoauelnuuis)
G/  umw gy N T0"0-INU T°0 NU 200 LU 8N ¢, UZ [e0TWDYO01IITH 01 auaIeXI[eD 20d P ol
L6 — qdd ¢'co1-T°€ qdd 60 ZINPUe ‘ uz ‘, SH ‘, nd ‘, PO [BIWIYD01IIIH SINDMIN ULIXPOTIAD-g L24d
arrydrydure
w2 PUB V3V D ¢ IN Y UZ ¢, D -B[0q aprunp susjk
96  UuIWw 0g Wi - T WE 09 ‘,.qd ‘.S ‘,dd 00 ¢, PO ¢, 0D 1T ‘BN S94as SN ny  -1od payednluod surpnsty
24 pue
+€
6 U ST W1 0€-800°0 Wusg ‘. uz‘ e’ ed‘ IN°‘.dd ‘,eN ‘D ‘nD ‘.24 uds SAN NV surprAdoydedsa-¥ +zSH
¥, U Gl Ww T-A T Wi T LzPD PUB ‘N ¢, SN ‘BN 1AL auaydein SUaIE[F |XITedRIYL,
aprweurjoard(jAuayd(i&
-z-lozep
_'0d ‘_1D ‘_,70S . 8H ‘ ,IN -twi[p-01‘6Joryrueusaydyt
¥6 s 09¢< (T3 00€-¢ (T8 £9°0 4, UZ €,9d €,,00 ‘PO “,,Ad IV 8N ‘I ¢, BN [BIIWRYD010I[H 0D1 -(f101-d)-1)-2)-N
(ourwre([AyprouwrApridd
-T)SIQ-N‘N
€6 Utz o 0T X S, 0T XS W4 0T X §°€ ,22d PU® 90 “,IN ¢, U *,.UZ *, 0D SYAS SAN Y -[[A&ZusaqorIAyPIN-F]-N
, ‘Nwohu. pue .S w%m wmu wwou w%w ‘L IN
+2OH £,9d ¢, IV “,.Ad ‘,,BD ““O°H ‘_fOSH ‘_,f0S surrauaAy3ak[od
‘¢ FO%S ‘PO ‘L UZ ‘U ¢, BN ‘_fON ‘_,"OS payoueiqiadAy
6 uiu ¢ WM €2-ST°0 WU ££ ‘_,0d°H ‘_,;OdH ‘_;fOd ‘_1°.1g ‘. 1D ‘XM ‘,BN  9ouddsaionjq SAN NV PayIpOW IpAYSp[ewIod . lo)
_d PUE ‘_.ON ‘,,IN ‘, SN
16 — wdd 01-100°0 (945 payyeu) qdd 1 .+NwI 2B D ,.0d ¢,od £, ID £, PO I BN JI1}9WILI0[0D SIN Ny proe oruroonsoldesrowiq .SV pue sy
suone)
REN| owmn 23uer 3un{rom ao1 spunodwod 3urIdjIaIul pAsaT, A3arens a1 101daooy ATeUy
asuodsay Zuisuag

SIdY @ADadsal JIsy) pue BUISUSS |eDIUIBYD DAINDS)SS 10} SLULISAS paseq-siWdl T @19el

'9€:90-¢T 6¢-90-7¢0¢ U0 papeojumoq T¢0c¢ 8 9T U0 pausiiand

This journal is © The Royal Society of Chemistry 2021

Mater. Horiz., 2021, 8, 2685-2708

2692


https://doi.org/10.1039/d1mh01117k

View Article Online

Review

Materials Horizons

auournboipAy
pue ‘jouaydoniu-d ‘oursoify ‘ourua

A ul -edop ‘proe oun ‘proe d1qI0JSE ‘UTUN[e WNIJS
71T 7€-0'% ‘N 0°'F-T°0 W S0°0 au1A0q ‘[DI ‘[DBN ‘0T Udam) ‘9S0IoNS ‘9S0ON[H  JOUISAION[ 091 auare[g|re[[id uaydourure}ady
(it
ST-10°0) [0IpENSd (NU §°7) [OIpRIISd
-d21 ‘(M 02-500°0) -d/1 ‘(WU ¢'¢) aurjoid-1 ‘our1as-1 ‘proe dLIN ‘pIok dIGIOISE ‘durl [o1pensa
IIT S 009< usydourwelady  usydourwelsdy -edop ‘9sodn[s ‘_ OS ‘_1D ¢, 78D ¢, SN ‘) ‘BN [Bd1WSY01I[H SINDMIN uInxapoAD-g -g/1 pue usydourwe)oy
,<BO PUE ‘BN ‘X BN
Il ‘ouruepejAuayd-1 ‘aursA[-1 ‘ourdA[3 ‘ouoryieinid J[ozeln-i*g‘ 1-o3dediowr
oTT urw 0T 0¢-1°0 ‘N T°0-500°0 M $00°0 ‘osoon3 ‘proe onredse-1 ‘oururdie-1 ‘ourpAoenay, J11}9WIIO[0D SAN Ny -G-OUIZBIPAY-E-OUTWY-F uAureue)
sjuade [edonInadRULIBYJ
(LN a3ed eapayAjod
60T — Wi T-IWu T Wd 00T -¥) duanjojontu-y (LNA-F‘) 2Uan[0I0NIUId-FT 1AL MN IS  oruedio-[elowr paseg-nD
sjop
winyuenb
W1 0°02-0'T 2UaN[010NIUIP-F‘Z PUB ‘OUaN[0JONTUIP-9‘T uoqred padop auare[9|reid
80T s 00z pue W1 0'T-100°0 WU 66'0  ‘OUan[0joNIU-Z ‘OUIN[0I0NIU-F ‘QUIZUIGONIN [BIIWYI01I[T -ua30nIN J[qnjos-197eM
WY 0°02-0°'T QUAN[0JONIUIP-F'Z PUE ‘OUaN[0}ONIUIP-9‘T (ILNL)
80T s 00z pue W1 0'T-100°0 WU S6°0  ‘OUan[0joNIU-7 ‘OUIN[0I0NIU-F ‘QUIZUIGONIN SY4As SAN 3V [o1yyouazudqouTy-d 9UaN[0I0NIUILL-9‘F*T
saarsordxyg
HAVN pue
‘AVN ‘dINV ‘dav ‘dLv ‘uopawaydsoyd ‘ayeroyd 1owA[od spew-10[Te] puE
9¢ uiu ¢ Wi s-1 Wu ¥’z ‘soydozein ‘uoryls ‘soydoudjoid ‘soAIO[UoIq  90UISAION[ sAN Dy . nD ueamidq xa[dwod v soydreurn®
S90UBISNS JIXO,
JuIfeA ‘QUTUOAIY} ‘pIoe JlIelIe) ‘aurias ‘aurjord
‘QUIUOIIaW ‘pIok dI[opUBW ‘QUISA] ‘aurona|
(d11-1) N ‘ourpnsiy ‘ouruurein|d ‘proe orweIn|3d ‘ouralsAd
(94 - wuw -1 00T 12 ‘(d1r-a) Wi ¥s ‘proe onaedse ‘oururdie ‘OUTUE[Y-1 puUE -d [EIIWAYI0III[H 0D1 ULIIXOPOTIAD-A
(diL {(*oN)uz ‘“(ON)IV
-a) WM 1£°1 pue “(EQON)SIN “C1DND ““[DeD ‘[DBN ‘IO ‘Oyd umnxapoAd  (dir) ueydoidAn jo uon
88 — Wuw 1-10°0  (dir-1) WM £0°T -1 ‘19S-1 ‘9s00n[3 ‘pIoe J1q100Sk ‘ayd ‘STH ‘IAL [ed1WaYd01109[q dg -g-14s0I[RIN-0-0-9 -BUTWILIOSIP JLIOWONURUY
(£19) sumA]D [earyoe pue
(ueydoydirr-1 [opowr [an[uprqinond ‘sproeourwe-6T JO UON
68 UIW 0¢ < J10j) wH 00S-INU 0T WM 005 A[D pue ‘spIoe ouTWe-a pue — 16  9dUISAION[ 2SO pue SULXIPO[IAD-A‘g“0 -BUIWLIOSIP dLIdWONURUY
urajoid aanoear-p pue ‘urdonopeuod
dTuoLIOYD UBWNY ‘UInsur ‘I-y urajoidodrjode
‘uro101dooA[3 proe-To “IN3I ‘v31 ‘urinqojdoroew
-Zp ‘urqordoydey ‘urroysuen ‘ursdAnnue-to BUOIO0D dPIWEBIID
£0T UTW Qg < Wi ¢'e-Ind 08T paynuenb joN ‘uadourniqy {(H31) H urngordounwiwil ‘UlNgy  9dUIISAION[I SINDMS -[094]3 Sua[AYIA[0d-2"D urnsug
1awiAjod aprwipoqredijod
90T  UIW 0T T 3w 00T-¢ _T8w ¢ uInqo[s-A pue ‘UllIdJSURLL,  IJUIISIION[ SINDMS PozZI[euonounj-alejAxoqie) urungy
REN| owmn a3uer 3un{rom aot spunodwod 3urIsjIaiul pasal, A3orens Wat 103d20oyg ATeUy
asuodsoyg duisuag
(penunuod) T 3)qeL

'9€:90-¢T 6¢-90-7¢0¢ U0 papeojumoq T¢0c¢ 8 9T U0 pausiiand

2693

Mater. Horiz., 2021, 8, 2685-2708

This journal is © The Royal Society of Chemistry 2021


https://doi.org/10.1039/d1mh01117k

Published on 16 8 2021. Downloaded on 2024-06-29 12:06:36.

View Article Online

Review Materials Horizons

Optical

a) Colorimetric b) SPR / Fluorometric / Raman

Intensity
Intensity

Electrical

c) Chemiresistor e) Electrochemical

d) Thin-Film Transistor

* —

Fig. 3 Archetypical optical (a and b) and electrical (c—e) chemical sensors based on functionalized LDMs with ad hoc receptors and (supra)molecular
recognition. (a) Colorimetric sensor based on Au NPs. (b) SPR/fluorometric/Raman sensor based on OD Au NPs deposited on a substrate. (c)
Chemiresistor sensor based on carbon nanotubes (CNTSs). (d) Thin-film transistor sensor based on MoS,. (e) Electrochemical sensor based on graphene.
In all the assays sensors are exposed to the target analyte of interest and other interfering compounds. Detection of the target analyte can be
accomplished by monitoring a variation of optical properties (a and b) (e.g. a change in absorbance and/or fluorescence intensity or Raman signals) or a
modification of the electrical characteristics (c—e) (e.g. capacitance, resistance, or voltage) / denotes electric current, V and E are electrical potentials, and
/ is the wavelength. In all cases, the black curves represent the system response in absence of the analyte and the red curves after the sensing events.

nanoscience and nanotechnology over the years. Their incor-
poration into sensing devices is always challenging, depending
on the nature of the materials and interfaces involved and the
desired transducing technology. Some top-down methodolo-
gies (e.g., lithography, focused ion beam milling) allow for
large-scale production of in situ grown LDMs and devices
thereof with no requirements for material purification, allow-
ing the production of architectures of varied shape, size, and
arrangement. Other top-down methodologies, such as exfolia-
tion of 2DMs also guarantee large-scale production of ex situ
grown LDMs, but the presence of adventitious impurities and
the formation of defects may jeopardize the materials’ proper-
ties and the sensor performance. For bottom-up approaches,
the main challenge is to transfer the optimal conditions for the
synthesis, purification, and assembly of in situ or ex situ growth
LDMs found in a test tube at a laboratory scale to the device
surface at the industrial manufacturing level.

Signal transduction

The most common signal transduction methods employed in
LDM-based chemical sensors are optical, electrical, and elec-
trochemical (Fig. 3). Optical transductions are mainly based on
changes in absorption, fluorescence, SPR, or Raman signal as a
result of the LDM interaction with the analyte (Fig. 3). In
particular, colorimetric sensors, both in solution or in paper
strips, are ideal for wide use by the general public (e.g., home
pregnancy or glucose tests), given their operative simplicity and
easiness in the readout, either qualitatively by naked eye read-
ing or (semi-)quantitatively using a smartphone camera.

2694 | Mater. Horiz., 2021, 8, 2685-2708

Electrical and electrochemical sensors, which measure changes
in current, electrical potential, or capacitance that result
from the interaction between the analyte and LDM-coated
electrodes, are suitable for hand-held technologies, exhibiting
characteristics such as fast response and elevated accuracy.”
Common methods to observe such changes include chrono-
potentiometry and -amperometry, impedance spectroscopy,
current-voltage measurements on both two- and three-
terminal devices, such as chemiresistors (CRs) and thin-film
transistors (TFTs), respectively (Fig. 3). The integration of LDMs
in portable, low-power consumption transducers is an impor-
tant and challenging step in the technological development of
sensors, especially for realizing Point-of-Care (PoC) devices and
for fostering the tremendous pace of the Internet of Things
(IoT) applied to sensing.

Best performing selective chemical
sensors

The most relevant and recent examples of selective chemical
sensors functionalized with ad hoc (supra)molecular receptors
for each family of analytes are reported in Table 1. Representa-

tive examples for each LDM type (0D, 1D, and 2D) and trans-
duction technology are described in detail.

Sensors based on OD LDMs

Depending on the recognition event, the sensor readout can be
a change in the optical properties,®°1793:95:96:104,105,110,113 o1 jpy

This journal is © The Royal Society of Chemistry 2021
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Fig. 4 0D optical sensor based of Au NPs functionalized with using 4-amino-3-hydrazino-5-mercapto-1,2,4-triazole (AHMT) for kanamycin (KA)
detection. (a) Colorimetric detection of KA antibiotic using AHMT-functionalized Au NPs based on the hydrogen-bonding interactions. (b) UV-vis
absorption spectra (top) and colour changes (bottom) of AHMT—Au NPs in the presence of different KA concentrations at pH 7.4, at room temperature (A
to T express the various KA concentrations in uM). (c) The absorption ratio at specific wavelengths (Agso/As20) of AHMT—Au NPs versus different kinds of
similar substances and metal ions (20 uM) at pH 7.4 at room temperature (A to O express the Tetracycline, L-arginine, L-aspartic acid, glucose,
glutathione, mixed without KA, Glycine, L-cysteine, L-phenylalanine, kanamycin, Ca2*, mixed with KA, K*, Na*, and Mg?*, respectively). The concentration
of KA was 5 pM while those of the other chemicals were 20 puM. Error bars were obtained from three experiments. Adapted from ref. 114 with permission

of Elsevier.

98,108 of 0D nanostructures. The

the electrical characteristics
extraordinary optical properties of metallic NPs due to the
plasmonic phenomenon have given rise to the rapid develop-
ment of colorimetric sensors. In such sensors, the introduction
of target analytes or ions can induce the localized SPR shift of
the plasmonic NPs functionalized with specific receptors,
either in solution or deposited into a solid platform, which is
accompanied by a visual colour change.’™'%*''° To illustrate
that, we shall consider the work of Qin et al. for the detection of
kanamycin (KA) antibiotic (Fig. 4) using 4-amino-3-hydrazino-5-
mercapto-1,2,4-triazole (AHMT) functionalized Au NPs.''*
AHMT ligand was chosen because it possesses a mercapto
group that chemisorbs onto the surface of Au NPs and also
bears amino head groups that can interact with KA via

This journal is © The Royal Society of Chemistry 2021

hydrogen-bonding. Hence, when Au NPs functionalized with
AHMT are exposed to KA solution, the latter coordinates with
three AHMT ligands triggering the Au NPs aggregation (Fig. 4a).
As a result, the colour of the AHMT-Au NPs solution changed
from wine red to deep purple with the increasing concentration of
KA (Fig. 4b). Taking advantage of the hydrogen-bonding nature of
the (supra)molecular recognition, KA was quantitatively detected
in two linear ranges: 0.005-0.1 pM and 0.1-20 uM, with a LoD as
low as 0.004 pM. Furthermore, the authors tested the cross-
selectivity of the sensor by exposing it to different interfering
chemicals, including common amine acid, antibiotics, and metal
ions, demonstrating a remarkable selectivity (Fig. 4c).

In addition to colorimetric, fluorometric 0D chemical sen-
sors are also highly sensitive.**°*'°> The main employed

Mater. Horiz., 2021, 8, 2685-2708 | 2695
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Fig. 5 0D Hg?" SERS sensor in water based on HPH-functionalized Au NPs. (a) Chemical structures and corresponding schematic representations of
HPH and Hg?*. (b) Ultrasensitive SERS detection of Hg?*; HPH anchors on Au—MNM via NH of imidazole from one of the histidine moieties that amplify
the Raman signal of HPH upon complexation with Hg?* and by the involvement of adjacent HPH molecules immobilized on the gold surface. (c) SERS
peak at 1380 cm~* of HPH marker upon addition of increasing concentrations of Hg?*, (d) Selectivity of the Au-MNM-HPH toward Hg>* (based on the
characteristic Raman band at 1380 cm™?) in the presence of other metal ion species in solutions containing 1 uM of each cation for an exposure period of

0.5 h. Adapted from ref. 96 with permission of Elsevier.

strategy relies on the complexation of the functionalized NPs
with the target analyte, e.g., ion or (bio)molecule, resulting in
the quenching or restoration of the initial fluorescence of the
system."” Sensors utilizing surface-enhanced Raman scattering
(SERS) spectroscopy are equally powerful, allowing the ultra-
sensitive detection of many species even at a single-molecule
level."*® When the analyte interacts with the specific receptor it
modifies the Raman signals of the latter. SERS sensors combine
appealing characteristics, such as “fingerprint” information,
non-invasive and non-destructive identification, and compat-
ibility with portable, on-the-spot qualitative sensing.’*°>"** For
example, Makam et al. reported a SERS sensor of Hg>" in water
by using Au NPs functionalized with histidine (H) conjugated
perylene diimide (PDI) bolaamphiphile (HPH) (Fig. 5).°® The
SERS platform consisted of Au-deposited monodispersed nano-
spheres monolayers (Au-MNM) of polystyrene fabricated
by using e-beam evaporation. Since Hg”" is divalent, it can
chelate to neighbouring HPH molecules by forming HPH-Hg>"

2696 | Mater. Horiz., 2021, 8, 2685-2708

host-guest complex which triggers the enhancement of the
Raman signal of the HPH ligands as a function of Hg>"
concentration (Fig. 5b). This simple and effective design prin-
ciple of host-guest interactions driven SERS-based detection
offers an unprecedented selectivity and the best reported LoD
of 60 attomolar (aM, 0.01 parts-per-quadrillion (ppq) for Hg** in
water (Fig. 5c and d).

0D materials are extensively used also in chemiresistors,
where a NP network is integrated in between a pair of electro-
des via controlled assembly mediated by molecular receptors.
Molecule-NPs arrays comprise a class of chemiresistors known
as MIMEs (metal-insulator-metal ensembles), where an insu-
lating organic linker attached to the NP’s surface provides
stabilization of the whole structure, sites for the analyte adsorp-
tion/binding, and sufficient electrical conductivity through the
network. Chemical-to-electrical transduction occurs when the
analyte enters the spaces between the NP cores, modulates
the tunneling probability or the distance between them,

This journal is © The Royal Society of Chemistry 2021
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103 M (violet curves). Inset: Respective pictures of the bare and network-coated glass chips. Adapted from ref. 98 with permission from Wiley-VHC.

thereby tuning the chemiresistor output current.’®'°® Despite the
recent progress on chemiresistors with enhanced sensitivity, only
a few sensors display high selectivity towards a specific analyte.”®
Recently, we have reported the fabrication of CRs based on 3D
networks of Au NPs covalently bridged by ad hoc supramolecular
receptors, namely dithiomethylene dibenzo-18-crown-6 ether
(DTDB-18C6), for K' recognition via host-guest interactions.
(Fig. 6a).”® The sensor showed exceptional KPIs: (i) linear sensi-
tivity in the 107 to 107® M concentration range; (ii) high
selectivity to K™ in presence of interfering cations (Na®, Ca*
and Mg”"); (iii) high shelf-ife stability (> 45 days); (iv) reversibility
of K" binding and release; (v) successful device integration into
microfluidic systems for real-time monitoring; (vi) fast response
and recovery times (<18 s), and (v) K" detection in artificial saliva.
From the capacitance (Cp,)-frequency response of the network-
coated interdigitated electrodes (IDEs), we observed that 0.1 Hz is
the best frequency, where C, increases by 443% in 10 °> M K,
distinctively from C, increase in water (283%) and the response of
the bare chip (Fig. 6b and c).

Electrochemical sensors have been also developed by using
0D materials as active sensing materials. To illustrate that, we

This journal is © The Royal Society of Chemistry 2021

can refer to the work of Ran et al. who developed an electro-
chemical sensor for 2,4,6-trinitrotoluene (TNT) by depositing
nitrogen-doped carbon quantum dots (N-CQDs) functionalized
with pillar[6]arenes (WP6s) on a glass carbon electrode
(GCE)."® WPé6s can effectively functionalize N-CQDs through
n-7 interactions and, due to the high (supra)molecular recogni-
tion capability of WP6 host towards TNT, can also enhance the
electrochemical signal of the TNT reduction. A LoD of 0.95 nM
and two linear ranges, 0.001-1.0 uM, and 1.0-20.0 uM, were
achieved by using this simple electrochemical platform.

Sensors based on 1D LDMs

Typical transducing methods for 1D-based sensors include opti-
cal/photonic processes, mainly photoluminescence,'®”'1#
SPR,'* and SERS,”®* and electrical/electrochemical operation
(viz. chemiresistors, field-effect transistors (FETs), or modified
electrodes). Optical (and photonic) properties and related sig-
nal transduction depend on diverse characteristics of 1D
nanostructures. For example, single NWs can tightly confine

Mater. Horiz., 2021, 8, 2685-2708 | 2697
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Fig. 7 Optical transduced 1D sensor based on polymer-functionalized SWCNTSs for albumin detection. (a) Scheme of the SWCNT functionalization with
a carbodiimide polymer. (b) Sensing mechanism and response for specific and non-specific protein interactions. (c and d) Sensor response (intensity
change and wavelength shift, respectively) to albumin and interfering transferrin and y-globulin proteins. (e and f). Sensor response to albumin in urine
samples. (g) Free-standing nanosensor paint for PoC optical sensing. Adapted with permission from ref. 106 Copyright 2017 Nature Publishing Group.

light for enhanced light-mater interaction via evanescent fields
at their surroundings, with properties dependent on the wave-
length/NW diameter ratio and nature (viz. dielectric or metallic
NWs). Individual NWs provide a small footprint and high
spatial resolution, while alignhed NW arrays can benefit from
coupling and synergetic effects, exhibiting enhanced and also
anisotropic optical properties.’*® Optical 1D chemical sensors
based on CNTs rely mostly on the near-infrared photolumines-
cence of single-walled CNTs (SWCNTSs), their distinctive Raman
signals, and fluorescence quenching ability."*"'** In general,
interactions with the analyte that either changes the dielectric/
chemical environment around NWs and NTs or cause charge
transfer processes are the main mechanisms underpinning the
operation of optical 1D sensors. One compelling example of
optical transduction using 1D nanostructures is the nanosen-
sor developed by Heller and co-workers to detect albumin in
urine samples.’® The sensor can detect albumin up to con-
centrations of 3 mg L', which is compatible with standard
immunoturbidimetric clinical assays (LoD of 1 mg L™'). The
strategy is based on the encapsulation of (9,4) chiral SWCNTs
with a carboxylate-rich hydrophobic carbodiimide polymer
(carboxy-PCD) synthesized to mimic fatty acid-binding to the
albumin via hydrophobic and Coulomb interactions (Fig. 7a).
Upon specific binding, a blue shift and strong intensity
change in near-infrared photoluminescence are observed, while
for non-specific protein interactions a redshift is produced
(Fig. 7b). SWCNTs functionalized with amine-terminated or

2698 | Mater. Horiz., 2021, 8, 2685-2708

polyethylene glycol-PCD showed no selectivity towards the
analyte, highlighting the importance of the (supra)molecular
interactions between the designed carboxy-PCD and albumin
groups. The sensor selectivity is further demonstrated in the
presence of potentially interfering proteins in urine, such as
transferrin and y-globulin, which produces an opposite wave-
length shift and reduced intensity changes (Fig. 7c and d). The
method can detect microalbuminuria - an important clinical
marker of several diseases - in urine samples of patients
(Fig. 7e and f). The polymer-SWCNT complex can also be
incorporated into an acrylic material resulting in a free-
standing paint for the development a PoC optical sensing
technology.

For sensors having electrical readout, the interaction of NWs
and NTs with analytes is accompanied by a modulation of their
electrical properties, e.g., via scattering electrons in metal NWs,
by accepting/donating electrons in semiconducting nanostruc-
tures, by lowering interface barriers in devices, etc.® Electrical
sensors employing individual 1D LDMs typically offer high
sensitivity and fast responses upon interaction with a given
analyte (including responsiveness to a single molecule).">*"**
However, they require complex and low-yield fabrication stra-
tegies when compared to networks, which are easier to be
integrated into chips and display higher device-to-device
reproducibility.”®> Aligned networks composed of 1D conduct-
ing LDMs will typically exhibit greater current densities
when compared to randomly oriented networks due to longer

This journal is © The Royal Society of Chemistry 2021
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Chemical Society.

mean-free path for electron conduction. However, randomly
oriented networks possess the advantage of porosity with
higher surface area for greater interaction with analyte species.
To illustrate the development of electrical sensors based on 1D
nanostructures, let us consider the work of Cao et al. for
the detection of trace explosives.'” FETs made of individual
p-type Si NWs were functionalized with a 2-(4-pyridylethyl)-
triethoxysilane monolayer and Cu-based metal—organic poly-
hedral (MOP) cages (Fig. 8a and b). The devices are embedded
into a microfluidic chip used to deliver explosive-containing
solutions by varying concentrations (from 1 nM to 1 uM) to the
sensor’s surface. The FET source-drain current (Ips) was
recorded over time at a fixed gate and drain bias. The device’s
relative steady-state current (Al/I,) shows a linear relationship
with the logarithmic analyte (2,4,6-trinitrotoluene, TNT)
concentration, reaching a LoD of 100 pM (Fig. 8c). The sensor
is selective to TNT, exhibiting weaker or null responses to
structurally similar molecules, such as 2,4-dinitrotoluene (2,4-
DNT) and 4-nitrotoluene (4-NT) as depicted in Fig. 8d. In the
absence of the Cu-MOP cage, the device responds to TNT with
sensitivity 3 orders of magnitude lower, highlighting the impor-
tance of the receptor on the (supra)molecular recognition. DFT
computational studies revealed that one MOP cage can accom-
modate only one TNT molecule due to size fit. Additionally, two
NO, groups of the TNT molecule interact (via hydrogen bond-
ing) with the available two NH, groups of the Cu-MOP, while
the third nitro group points to two NH, groups with the line

This journal is © The Royal Society of Chemistry 2021

formed by the four Cu®" ions of the Cu-MOP penetrating the
aromatic ring of the TNT molecule (Fig. 8b). The observed
current increase in the FETs results from an increased negative
electrical potential at the surface of the p-doped SiNWs due to
the interaction between the trapped TNT molecule and the
adjacent copper ion in the receptor. This leads to the formation
of a net dipole moment of the TNT-receptor complex pointing
towards the surface that modifies the device band bending,
ultimately leading to higher channel currents/conductance.'®

Electrochemical sensors also take great advantage of the
remarkable electrical properties of some 1D nanostructures,
such as CNTs. Alam et al., for example, developed a simple, and
low-cost electrochemical sensor based on multi-walled CNTs
(MWCNTs) functionalized with B-cyclodextrin (B-CD) to detect
lead (Pb*") in drinkable water.”” B-CD was employed to both
improve the dispersion of the CNTs and to serve as a receptor
for the target analyte. Two functionalization strategies have
been tested, one relying on the physisorption (Phys) of $-CDs
onto the MWCNTs and another based on the covalent attach-
ment of B-CDs via the Steglich esterification (SE) of COOH-
terminated MWCNTs (Fig. 9a). After functionalization, both
MWCNT-BCD(Phys) and MWCNT-BCD(SE) were drop-casted
onto screen-printed electrodes (SPEs) and the sensing experi-
ments were performed using differential pulse anodic stripping
voltammetry (DPASV). Fig. 9b shows the voltammogram and its
respective linear calibration curve for the MWCNT-BCD(Phys)/
SPE sensor in the presence of 0.025-20 uM (3.1-103.3 ppb)

Mater. Horiz., 2021, 8, 2685-2708 | 2699
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Pb>*, after the Pb®" preconcentration at a deposition potential
of —0.8 V for 600 s to form Pb’. The MWCNT-BCD(Phys)/SPE
sensor can detect Pb>" with a LoD of 0.9 ppb with a sensitivity of
98 nA ppb~". The sensor based on the covalent functionaliza-
tion strategy, i.e. MWCNT-BCD(SE), is 2.5 times less sensitive

2700 | Mater. Horiz., 2021, 8, 2685-2708

and exhibited a LoD of 2.3 ppb, probably due to the fewer unit
of grafted B-CD limiting the number of available COOH sites for
the functionalization. However, this strategy has shown to be
more robust and allows sensor reuse. The reported sensor can
also detect Pb** in the presence of interfering cations as
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illustrated in Fig. 9c. The device can detect 0.1 uM of Pb>" in
spiked drinkable water with >90% overall recovery.®’

Sensors based on 2D LDMs

Like their 0D and 1D counterparts, sensors employing functio-
nalized 2D materials rely mostly on optical, electrical, and
electrochemical transduction. While GO and rGO functiona-
lized with macrocyclic receptors can enable or enhance electron
transfer processes between the recognized guest analyte and an
electrode in electrochemical sensors,">>'*° they can also act as
a donor or acceptor in fluorescence resonance energy transfer
(FRET)-based optical sensors."” To illustrate the functionaliza-
tion of rGO for optical sensing we can consider the work of
Zhao et al.'" on the competitive fluorescence detection of
acetaminophen (AP) or paracetamol, one of the most common
medicine for treating pain and fever (Fig. 10). Amphiphilic
pillar[5]arene (amPA5) functionalized rGO can quench the
fluorescence of a signal probe (acridine orange, AO) thanks to
the AO accommodation into the amPA5 cavity and the strong
quenching ability of rGO (Fig. 10a and b). Upon titration of the
target molecule (AP), the fluorescence is recovered (switch on)
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by the displacement of the AO indicator from the amPA5 host
(Fig. 10c). The fluorescence response is proportional to the
AP concentration, exhibiting two linear regimes ranging from
0.1-4.0 and 4.0-32.0 uM, with a LoD of 0.05 puM (Fig. 10d). The
method has shown to be highly specific to the AP molecule in
respect to common interfering molecules (Fig. 10e). Molecular
docking studies (Fig. 10b) revealed that hydrogen bonding
between the 013 atom of amPA5 and the N atom of AP,
electrostatic interactions between the negatively charged acetyl
O atom and the NH;" of AP, and n—= interactions between their
benzene rings are the main interactions governing the (supra)-
molecular recognition of the analyte (Fig. 10b). Finally, AP was
also detected in human serum samples.

Sensing with graphene is commonly achieved by electronic
transducers, e.g. chemiresistors, solid-state FETs, and liquid-
gated transistors (LGTs), where the receptor-analyte interaction
occurring on the graphene surface is converted into changes on
the device’s electrical characteristics (e.g. channel conductivity,
charge carrier mobility, Dirac point voltage, etc.).'*"*”'*® Gra-
phene LGTs were recently employed to develop one of the first
biosensors for the detection of SARS-CoV-2 virus responsible
for the COVID-19 global pandemic."®*"?° To illustrate the use
of graphene transistors sensors employing (supra)molecular
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Fig. 10 2D optical sensor for the detection of acetaminophen (AP) — paracetamol — using rGO functionalized with amphiphilic pillar[5]arene (amPA5)
receptors. (a) Schematics of the competitive fluorescent approach using an acridine orange (AO) indicator. (b) AP/amPA5 complex by molecular docking.
(c) Fluorescence spectra of the AO-amPA5-RGO complex upon increasing concentrations of AP (0—-36 uM), and (d) its respective calibration curve. (e)
Relative fluorescence intensity for AP and common interfering molecules. Adapted from ref. 112 with permission of Elsevier.
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receptors we can refer to the work of Takagiri et al. for the
selective detection of Cu®".”* Thiacalix[4]arene (TCA) receptors
were immobilized on the graphene surface via n-n stacking
(Fig. 11a). Upon exposure to different Cu>* concentrations (1,
10, 30,100, and 300 pM) the functionalized graphene transis-
tors respond with systematic shifts of the Dirac-point voltage
towards more positive potentials,”* which can also be moni-
tored in real-time (Fig. 11b). This results from the selective Cu®*
hosting by the TCA receptors that induces the accumulation of
electrons on the graphene surface, which does not occur for
other cationic species such as K", Mg>*, Ni**, and Cd** even at
higher concentrations (Fig. 11c). According to the authors, the
recognition of Cu®>" employing TCA immobilized on graphene
can be explained using the hard and soft acids and bases
(HSAB) theory and the ligand field theory, where soft metal
ions (Cu**, Ni*", and Cd*") tend to easily coordinate with
sulphur atoms. In this work, however, the device responds only
to Cu®>" and not to Ni** and Cd**, which can be due to the TCA
planar configuration on the graphene surface. For free TCA
receptors in solution, they coordinate with other metal cations,
loosing the particular Cu®" selectivity.”*

Regarding non-graphene 2DMs, one interesting example
is the BP electrochemical sensor recently reported by Zou and
You for the chiral discrimination of tryptophan (Trp)
enantiomers.®® Exfoliated BP nanosheets (BPNSs) functiona-
lized with 6-O-a-maltosyl-B-cyclodextrin (G2-B-CD) in solution
were drop-casted on a glassy carbon electrode (GCE) and
stabilized with Nafion (NF), as shown in Fig. 12a. The electro-
chemical chiral recognition of Trp enantiomers was performed
using the NF/BPNSs-G2-B-CD/GCE modified electrode utilising
square wave voltammetry (SWV). The authors verified that the
SWV peak potential (Ep) and peak current response (I) of L-Trp
and p-Trp were different, allowing their successful discrimina-
tion (Fig. 12b). They found signal ratios of I; /I, = 1.49 and AE,, =
20 mV, at fixed Trp concentration (1 mM) that characterize the
sensor stereospecificity to the target Trp enantiomers, as shown
in Fig. 12c. Other amino acids, such as tyrosine (Tyr), histidine
(His) and phenylalanine (Phe) do not produce the same signal

2702 | Mater. Horiz., 2021, 8, 2685-2708

response (Fig. 12c). Regarding the variation of the - and p-Trp
concentration (0.01-1 mM), the sensor KPIs include sensitivity
and LoD, respectively, of 21.09 pA mM ™" and 1.07 puM (L-Trp)
and 13.25 pA mM " and 1.71 uM (p-Trp). Discrimination of Trp
enantiomers is claimed to be due to the specific host-size
matching between the G2-B-CD receptor and each Trp isomer
and the hydrogen-bonding interactions formed between them
(given the suitable intermolecular distances) in each case
(Fig. 12d).

Likewise graphene, most applications based on TMDs, BP,
and MXenes for sensing where the recognition of analytes is
achieved by (supra)molecular interactions refer to
biosensors.®>'*!  Noteworthy examples include TMD
transistors, electrochemical and  optoelectronic
devices,***** and fluorescence/colorimetric indicators, BP
transistors,*®'3” MXene-modified electrodes’®'*° and SPR
chips'*® decorated with bioreceptors (e.g. antibodies, aptamers,
etc.) for the detection of disease biomarkers. While biosensors
inherently possess elevated selectivity, synthetic recognition
elements generally hold improved stability, reduced costs,
and chemical flexibility to be modified according to desired
LDM, device surface type, the solvent employed, etc. The biggest
challenge of (supra)molecular chemistry applied for sensing is
to create synthetic recognition elements that can mimic the
natural analyte-receptor interaction with high affinity especially
in harsh conditions, such as in a physiological environment. In
this matter, the literature reveals that 2DM-based sensors
employing selective chemical receptors still have a long way
ahead in comparison to their 0D and 1D counterparts. General
drawbacks that hinder more practical sensing applications
comprising 2DMs are the absence of established protocols for
the mass production of high-quality and wafer-scale materials,
the lack of facile and effective strategies for their integration
into devices, and the limited environmental stability for some
2DMs (e.g. BP)."*° The impact of chemical functionalization on
the material’s properties and the role of structural defects on
the sensing performance are some of the hurdles and major
challenges to be addressed using such 2DMs. The field of
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chemical sensing with 2DMs is still in its infancy and the
exploitation of the broad chemical and structural diversity of
the whole plethora of 2DMs is fundamental to further expand
possibilities in this field. In this regard, the emerging class of
2D metal-organic'*' and covalent organic frameworks'*?
(MOFs and COFs, respectively)'*® holds great promises to out-
perform naturally occurring 2DMs. Their composition, struc-
ture, physical and chemical properties as well as functionalities
can be chemically engineered during synthesis and/or assembly
and translated into the device operation.

Selective analyte recognition: from
laboratory to real applications

Despite the tremendous effort made by the scientific commu-
nity to develop highly selective chemical sensors, there is no
universal list where one can find the best receptor for a given

This journal is © The Royal Society of Chemistry 2021

from ref. 88 with permission of Elsevier.

analyte. As shown in Table 1, for some analytes (e.g. Cu®*
or TNT) different receptors have been reported selective in
the presence of interfering compounds. In some cases, these
receptors have similar chemical structures, hence interacting
with an analyte similarly. However, in other cases, the struc-
tures of the receptors are completely different, for example, the
use of p-aminobenzenethiol and water-soluble pillar[6]arene for
TNT sensing. Likewise, the very same receptor has been used to
selectively detect completely different analyte species. For
example, B-cyclodextrin has been used for the detection of
Pb>’, dopamine, acetaminophen, 17B-estradiol, and the enan-
tiomeric discrimination of tryptophan and other 19 amino
acids. This is not impeditive for practical applications, as long
as selectivity is demonstrated upon the appropriate choice
of interfering compounds. Not only analytes with similar
chemical structures to the analyte of interest should be
evaluated but also interfering species found in real matrices.
Alongside, different environmental conditions (e.g:, pH,
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humidity, temperature, physiological conditions, etc.) can influ-
ence the analyte-receptor interaction and hence chemical sen-
sors should be assessed in analogous environments to that of
the real applications.

Summary and outlook

We presented the key concepts and greatest challenges for
harnessing the selectivity of sensing technologies by using
LDM functionalization and analyte (supra)molecular recogni-
tion. By taking full advantage of the synergetic combination of
LDMs with ad hoc receptors, one can design and produce the
next generation of sensory materials and technologies exhibit-
ing designed analyte selectivity along with unprecedented KPIs,
such as LoDs down to sub-ppb level, and fast, accurate, and
reversible responses. As diverse signal transducers are available
(optical, electrical, and electrochemical devices), with a multi-
tude of operating modes and signal readout. The choice for the
optimal sensing technology relies on the specific dynamic
physical property of the chosen nanostructure, which is utilized
to transduce the analyte-receptor interaction. Analyte recogni-
tion is achieved via one or more non-covalent interactions (e.g.,
hydrogen-bonding, metal-ligand bonding, van der Waals and
electrostatic interactions, or hydrophobic forces) endowed by a
great variety of natural or synthetic receptors attached directly
on the LDM surface. Alternative approaches to attain selectivity via
(supra)molecular recognition include more complex receptor for-
mulations, such as ion-selective membranes (ISMs)'** "¢ and
molecular imprinted polymers (MIPs)."* "> However, these
may suffer from adventitious interference of molecules structu-
rally similar to the target analyte.'®® In the future, the use of
machine learning approaches to enable rational design and high-
throughput screening of large libraries of molecules as potential
receptors for the analyte of choice holds a huge potential to boost
selectivity. Comparative studies employing the very same receptor
but different LDM and/or transducing devices would help one to
understand the potential and limits of each sensing technology,
aiming their optimization.

Despite the major progress on the LDMs production, control
of properties, and sensor proof-of-concept demonstrations,
there are still some issues that must be addressed urgently to
exploit their potential in everyday applications. From a techno-
logical perspective, important challenges refer to the establish-
ment of industrial-scalable and affordable manufacturing
methods to either produce novel sensors able to meet the high
standards required for commercialization or to integrate LDMs
into existing mature technologies. This involves the production
of sensors that are ultimately robust, affordable, lightweight,
small, stable, user-friendly, and exhibit low power consump-
tion. Additional challenges to upgrade LDMs from prototype to
commercial sensing technologies include the production of
high-quality materials at accessible prices, robust functionaliza-
tion methods compatible with industrial practices, and long-term
sensor reliability operating in real and harsh environments (e.g,
high/low humidity or temperature, or in physiological conditions).

2704 | Mater. Horiz., 2021, 8, 2685-2708

View Article Online

Materials Horizons

The lack of facile and efficient protocols to incorporate functio-
nalized LDMs into transducing platforms represents another
important hurdle. Lab batch reactions are straightforward and
reliable, but frequently LDM transfer to real device platforms is
seldom achieved. Issues regarding the sensor operation which are
important to be addressed are related to signal drift or fluctuation,
persistent accuracy, simple calibration methods, long-term stabi-
lity, and shelf-lifetime. Significantly, challenges and aspects of
technological order targeted for the development and optimiza-
tion of chemical sensors can also be extended to other types of
sensors, such as humidity, strain, and pressure sensors, for
instance.

Like a sommelier in a blind wine tasting, the biggest
challenge in chemical sensing - even for present commercial
devices - refers to the unguided detection, where the identifi-
cation and/or quantification of a given compound in a complex
real sample is performed without previous information about
its composition. Another major task in chemical sensing con-
sists in the simultaneous determination of multiple analytes in
complex media (e.g., chemical or biological markers in blood,
urine, serum, etc.). For this purpose, a possible strategy envi-
sions the use of sensor arrays for multiplex sensing, each of
them bearing a different functionalized LDM, able to acquire
multivariate data (i.e., more than one output signal or sensor
parameter). Computerized statistical treatment and artificial
intelligence resources (e.g., machine learning) could be used to
process a large amount of data into interpretable information
(Big Data Analytics).

The deployment of industrial-compatible manufacturing of
high-quality materials (e.g. wafer-scale LDMs) and devices (e.g.
roll-to-roll printing), the use of microfluidic systems to handle
small amounts of multiple analytes, and the fabrication of
wearable (e.g. bands or plasters), disposable platforms (e.g. test
strips), or substrates engineered to present strong optoelectro-
nic coupling,'"'>* are some of the routes to proceed towards
affordable and/or novel sensing technologies. We hope that all
discussed strategies on how to harness the performance of
chemical sensors based on LDMs and their current challenges
can encourage researchers in the field to pursue novel and
improved technological applications. We strongly believe that
chemical sensing can aid several sectors of our society, offering
solutions to issues in (bio)chemical defense, environmental
and food surveillance, industrial safety, and medical (early)
diagnostics, ultimately improving the quality of our lives on
this planet.
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