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Abstract: Plasmonic phenomena and materials have been extensively investigated for a long time
and gained popularity in the last few years, finding in the design of the biosensors platforms
promising applications offering devices with excellent performances. Hybrid systems composed of
graphene, or other 2D materials, and plasmonic metal nanostructures present extraordinary optical
properties originated from the synergic connection between plasmonic optical effects and the unusual
physicochemical properties of 2D materials, thus improving their application in a broad range of fields.
In this work, firstly, an overview of the structures and properties of 2D nanomaterials will be provided
along with the physics of surface plasmon resonance and localized surface plasmon resonance. In
the second part of the work, some examples of colorimetric biosensors exploiting the outstanding
properties of hybrids nanocomposites will be presented. Finally, concluding perspectives on the
actual status, challenges, and future directions in plasmonic sensing biosensing will be provided.
Special emphasis will be given to how this technology can be used to support digitalization and
virtualization in pandemic handling.
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1. Introduction

During last few years, particularly from the outbreak of the coronavirus disease pan-
demic in 2019 (COVID-19) caused by a novel coronavirus, SARS-CoV-2 [1], the demand for
cost-efficient, low consumption of reagents, ease of use, fast and sensitive biosensors to be
applied in biomedical sectors and clinical treatment has exponentially increased. On this
basis, the necessity of developing point-of-care (PoC) devices—sensing systems providing
immediate results at any time and in any place, given the opportunity of customized care
such that health outcomes will be improved—is more and more pressing. So, extensive
research has been focused on biosensing, with growing interest toward plasmonics, namely
the study of the interaction of electromagnetic radiation with electrons in solids. The
blossoming of plasmonic biosensing has aroused the need of collecting the signs of progress
achieved in the publication of reviews focused on critical discussions on its applications on
PoC. In the work of Soler [2], the incorporation of plasmonic platforms into portable devices
by means of nanotechnology, and the integration in today’s devices, such as smartphones,
along with the main challenges and limitations, have been discussed, while Salazar [3]
identified four major areas of advances in plasmonic biosensing. The main one is related to
the already well-established process that exploits local dimensional SPR (LSPR), while the
other three areas are not yet consolidated and involve the use of different properties of the
plasmonic system), whereas the other three areas are not consolidated yet and involve the
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use of different properties of a plasmonic system. Thus, the chiral plasmonic properties,
relevant for biological systems, the magneto-optical effects with tailored film architectures
and quantum concepts to overcome the shot-noise limit in sensing and biosensing have
been examined, and within these areas, the recent advances, challenges, and opportunities
to exploit plasmonic platforms as an integral part of PoC devices have been discussed.
In the work of Han [4], propagating plasmonic resonance mode based on planar design,
plasmonic materials, and hybrid sensing techniques are exclusively reviewed for designs
containing nanovoids in thin films, considering the notable potential offered by this type
of plasmonic biosensors to be integrated into lab-on-a-chip devices. After reviewing the
fundamentals of plasmonics allowing the development of an advanced biosensor, in the
work of Liu [5], the materials and structures exploited as transducers for the analyte binding
events into an optical signal (with a special focus on metal structures and graphene) have
been considered along with their applications in real-life conditions examining the potential
and the limitations. Stimulated by the development of a large number of novel materials,
enormous progress has been made in plasmonic biosensors technology [6-8]. Novel materi-
als have been exploited in a wide range of biosensing applications, but among these assays,
colorimetric detection has driven growing interest related to its advantages: sophisticated
or expensive instrumentation is not required because the color changes can be read by
naked eyes, so they are characterized by simplicity, practicality and low cost [9]. The key
issue in colorimetric detection is to convert the event of detection into a color change so
that several smart materials, such as metal noble nanoparticles, magnetic and cerium oxide
nanoparticles, graphene oxide, and carbon nanotubes have been developed to be exploited
as platform sensing in colorimetric assays [10-13]. Recently, bidimensional (2D)-layered
materials such as metal chalcogenides, transition metal oxides, and other 2D compounds
have gained renewed interest due to their unique properties; nevertheless, their features
have been further improved by integrating 2D material with plasmonic metal nanoparticles,
thus generating outstanding structures. Inspired by the achievements reached in devel-
oping hybrids materials composed of 2D materials and plasmonic nanoparticles and by
their enhanced optical and optoelectronics properties, Sriram, in his work [14], discussed
the state-of-the-art of the hybrid device applications, such as Surface-Enhanced Raman
Spectroscopy (SERS) analysis, hydrogen evolution reactions (HER) and photodetection, but
the use of the hybrid systems in colorimetric detection has not been considered. In the same
way, in the work of Li [15], the properties of the hybrid nanostructures have been discussed
along with their use in photoelectronic applications to develop photovoltaic cells and
photodetectors as well as their use in photocatalytic reactions such as photodegradation
and hydrogen production and applications exploiting the optical signals such as SERS,
photoluminescence (PL), and SPR sensors, but their applications in colorimetric detection
have not been explored. Although the outstanding properties stimulated an increasing
interest in research, along with the requirement of collecting the accomplished progress
in the publication of reviews discussing their applications, there is still a lack of a critical
review examining the use of hybrid compounds in colorimetric detection. Recent progress
in the development, production, and applications of advanced biosensors based on 2D
nanomaterials such as graphene, graphene oxide, transition metal oxide, MXene (com-
pounds with a general formula Mn + 1XnTx, where M indicates the early d-transition metal
atom, X indicates the N and/or C atom, and T means the surface terminated functional
group, such as -OH, O and -F) and others have been discussed in the work of Zhu [16], but
the physical and optical properties from which the outstanding characteristics of hybrid
compounds arise are not reviewed. With the aim of fulfilling the gap in this direction and
to help the research in developing more advanced detection systems, in the present work,
the use of the hybrid metal nanoparticles/2D materials in the design and development
of colorimetric assays will be reviewed, and a critical discussion on their future perspec-
tives will be presented. It is necessary to appreciate the fundamental characteristics of
the hybrid separate components, namely the plasmonic metal nanoparticles and the 2D
nanomaterials, to examine the optical properties of the hybrid compounds, so that, firstly,
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the plasmonic effect originated from metal nanostructures will be discussed in Section 2,
along with the diverse physiochemical properties of 2D nanomaterials in Section 3. For a
better understanding, attention is addressed to the basic principles of colorimetric detection
in Section 4. In Section 5, the general properties of the metal/2D nanomaterial hybrids will
be mentioned as well as their catalytic activity. After reviewing the properties of the hybrid
structure, the exploitation of the colorimetric detection based on their peroxidase-like
activity and reduction reaction and LSPR shifts will be considered in Section 6. Finally, in
Sections 7 and 8, the future perspectives and conclusions will be critically addressed.

2. Optical Properties of Plasmonic Metal Nanoparticles
2.1. Physics and Working Principles of Plasmon Resonance

The interaction of the electromagnetic field with an interface can generate appealing
surface excitations. When the free electrons of a metal are coupled in resonance with the
electromagnetic field of the radiation, surface-bound EM modes can be originated that are
called surface plasmons (SPs). Usually, SPs are originated at the interface between a noble
metal and a dielectric, thus satisfying the condition for the SPs excitation that requires two
materials with optical constants of opposite signs connecting each other [17]. Often, SPs
are classified in two categories: propagating surface plasmons (PSPs) and localized surface
plasmons (LSPs) [18]. The physics and working principles behind the two classes of SPs
will be revisited.

2.2. Propagating Surface Plasmon Resonances (PSPR)

The first type of surface plasmon consists of running surface waves called propagating
surface plasmons (PSPs): when a p-polarized light (radiation with its electric vector parallel
to the plane of incidence, namely the plane perpendicular to the surface containing the
incident and reflected wavevectors [19]) interacts with a metal surface, the free electrons in
the metal react collectively, starting to oscillate in resonance with the light wave and propa-
gate along the interface between metal nanostructures and dielectrics [20]. In this context,
SPPs can be considered as light waves entrapped on the conducting material surface. The
magnetic vector of PSPs is parallel to the plane of the interface and perpendicular to the
direction of propagation of the wave, so that they can be referred as a transverse-magnetic
(TM) polarized mode [21]. Because of their combined character between electromagnetic
wave and surface charge, the SPWs should be termed surface plasmon polaritons (SPPs)
to reflect the hybrid nature. As a consequence of the hybrid nature and in contrast to
the propagating nature of PSPs along the surface, the EM field component perpendicular
to the surface is maximum near the metal surface and decays exponentially at growing
distances from it [22], so that in the dielectric medium at the top of the metal, the decay
length of the field, 84, is of the order of half the wavelength of light involved, whereas
the decay length into the metal, dp,, is determined by the skin depth (Figure 1A). This
means that most of the EM field is concentrated in the dielectric medium close to the metal
surface, showing a typical penetration depth 64 between 50 and 500 nm when working
in visible or near-infrared (NIR) wavelengths. As a result, only the changes in refractive
index occurring within the evanescent field are able to modify the SPP propagation and be
detected, and this is relevant for SPRs analysis in view of the fact that biorecognition events
taking place on the metal surface can be detected by exploring certain properties of the
reflected light, such as angle, intensity or wavelengths. When the light vector is coupled
to the surface plasmon such that the component of the light wavevector parallel to the
interface matches the propagation vector of the SPP, the excitation of SPPs is reached, which
is followed by a sharp dip in reflectance [20]. The dependence of the propagation vector on
the refractive index of the dielectric is expressed by the SP dispersion relation [21], namely
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the frequency-dependent SP wavevector calculated by solving the Maxwell equation with
appropriate boundary conditions, thus obtaining;:

KPP — w | e(w)eq 1)

c €2 (a)) + &q
where K,5TF is the wavevector component of SPP propagation, and ¢4 is the dielectric
constant of the medium, which is directly related to the refractive index of the materials by
the equation 2
g =n (2)
¢(w) is complex dielectric function of the metal depending on the frequency

e(w) = e1(w) + iex(w) ®)

and w and c are the angular frequency and the speed of light in a vacuum, respectively.
Observing the dispersion curve (Figure 1B), the excitation of surface plasmon polaritons can
be explored: the SP mode always lies beyond the light line, that is, it has greater momentum
(Tiksp) than a free space photon (fikg) of the same frequency w [22]. In this condition, the
incident light cannot easily excite the surface plasmon polaritons: in order to achieve SPRs
excitation, therefore, the resulting momentum mismatch between light and SPs of the same
frequency must be overcome by enlarging the wavevector of the excitation light.
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Figure 1. (A) 84 (decay length of the field) and 6, (decay length into the metal); (B) dispersion curve
for an SP mode showing the momentum mismatch issue.

On this basis, the optical configurations for SPR analysis are classified according
to SPP excitation method or the detection scheme [21]. The most common schemes are:
(1) the prism coupled Kretschmann configuration, where an evanescent wave penetrating the
metal film is generated by the light that is totally reflected at the base of a high refractive
index glass prism when passing across it. The propagation vector of the evanescent wave
can be adjusted by controlling the angle of incidence so that it mismatches that of SPPs;
(2) the grating couplers, based on the light waves diffraction: in this case, the wavevector
component of the diffracted light that is parallel to the interface is increased for a value
inversely proportional to the period of the grating, so that can be matched with that of
SPPs; (3) waveguide structures: when the light vector is coupled to the surface plasmon
such that the component of the light wavevector parallel to the interface matches the
propagation vector of the SPP, the excitation of SPPs is reached, which is followed by a
sharp dip in reflectance. Due to the great potential of SPR analysis, much research has
been performed in the last few years to develop enhanced SPR structures [23]; however,
the use of hybrid plasmonic metal nanoparticles and 2D nanomaterials is only in its early
stage. For the first time, a highly sensitive surface plasmon resonance (SPR) biosensor
based on AuNPs/MoS; hybrid nanostructures for microRNA (miRNA) detection has been
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presented by Nie et al. [24]. The sensing platform has been produced following a two-step
protocol: in the first stage, the captured DNA consisting of a thiol-modified probe including
a sequence complementary to the target miRNA has been immobilized on the Au film, and
then, DNA-linked AuNPs/MoS; nanocomposites were used to combine with the other
section of the miRNA-141, thus creating a sandwich structure. The sensing platform has
been exploited in SPR analysis, detecting the resonance angle in the presence of a different
concentration of miRNA-141. The so-developed sensing system displayed high sensitivity
toward miRNA detection, where the improved performances originated from the presence
of AuNPs/MoS; nanohybrids. The signal amplification of the structure has been assigned
to three main causes: the first cause is the synergistic effect of LSPR of AuNPs on SPR waves,
whereas the second one is a larger number of AuNPs in the system due to the presence
of MoS; nanosheets and finally, SPR in AuNPs-MoS; nanocomposites could be actively
controlled by the photoexcited excitons, resulting in an enhancement of SPR signal. As a
consequence of the signal amplification due to the presence of the AuNPs/MoS; hybrids in
the sensing system, the very lower limit of detection (LOD) of 0.5 fM has been reached. The
additional advantages of the developed sensing platform are its high specificity, acceptable
reproducibility, and precision; furthermore, the system is low-cost and enzyme-free. The
SPR assay based on AuNPs/MoS; has been exploited also to detect human miRNA from
cancer cells with excellent results, thus providing great potential for miRNA quantification
in clinical diagnosis and disease treatment.

2.3. Localized Surface Plasmon Resonances (LSPR)

The interaction of the light with subwavelength-sized metallic particles emerges in
the non-propagating collective oscillations of the particle conduction electrons, which are
named localized surface plasmon resonance (LSPR). As a result of the LSPR, there is an
accumulation of charges on the particle surface functioning as a dipole. The presence of
LSPR acting as an oscillating dipole in a nanoparticle is the basis of two phenomena. Firstly,
the optical extinction of the particle reaches its maximum value at the frequency of plasmon
resonance, taking place in the visible range for noble metal nanoparticles. Secondly, the
electromagnetic fields localized close to the particle surface are largely enhanced, with the
enhancement being higher at the surface and quickly decreasing when the distance becomes
greater. In order to reach a deeper understanding on the LSPR origins, the scattering theory
must be considered as well as the interactions between the spherical nanoparticle and the
light discussed in view of Mie Theory [25]. In the famous paper published in 1908 [26],
Gustav Mie illustrated a first overview on how to calculate the scattering and absorption
of light by spherical particles, developing an analytical solution to Maxwell’s equations.
By means of his calculations, he was able to explain the color of gold colloids changing
with the size of gold spheres, which was a phenomenon later interpreted considering
surface plasmon resonances. When the diameter of metallic spherical nanoparticles is much
smaller than the incident light wavelength ((J << A where @ is the particle diameter and
A is the incident light wavelength), the charge oscillations act as a single dipole whose
amplitude is strongly dependent on the distances between the surface charges, whereas the
external electromagnetic (EM) field in the close vicinity of the nanoparticle surface appears
static. Under these conditions, Mie scattering agrees with the more familiar Rayleigh
scattering. The condition of LSPR is related to the particle polarizability, &g, expressed by
Equation (2) [27]:

4= 4R e(w) —ed

e(w) + 2ed @

Concerning plasmonic effects, polarizability is a crucial factor, since it describes the pre-
disposition of the electronic cloud to have its charge displaced as a result of the interaction
with an electrical field, so that it is related to the dipole moment p by the relation:

p = €oeqxEo ®)
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From Equation (4), it is possible to observe that the polarizability o is dependent on
the dielectric function of the metal e(w) expressed by Equation (3), where ¢1(w) is the real
part of the dielectric function and &;(w) is the imaginary part. In addition, Equation (4)
shows that the polarizability is dependent on the dielectric constant of the surrounding
medium, which is related to the refractive index n of the medium by Equation (2). The
condition for which the polarizability « achieves the resonant enhancement, namely its
maximum value, is fulfilled at the minimum values of the denominator in Equation (2)
(Frolich condition). For Equation (4), the Frolich condition at which LSPR occurs is satisfied
for e1(w) = —2¢e4. On this basis, to determine an LSPR in a nanoparticle, the values of e1(w)
(the real part of the dielectric function) should be large and negative, whereas the imaginary
part e2(w) is supposed to be negligible and positive [28]. In the case of noble metals, the
dielectric function ¢’y is strongly dependent on the EM field wavelength, so the bright
colors displayed by metal nanoparticles definitely rely on the exact wavelength fulfilling
the condition of resonance. The most used metal for LSPR sensing satisfies the resonance
condition in the UV-visible region of the spectra. The bandwidth and peak position of
LSPR are determined by the size, morphology, and distance of separation between the
nanostructures so that they can be easily tailored and tuned in the UV-visible and NIR
region of the spectrum. However, LSPR strongly depends also on the dielectric constant of
the medium around the metal nanoparticles, so that, according to the changes in refractive
index (RI) of the medium within the evanescent field, the particle polarizability is modified,
resulting in displacements of the LSPR peak. On this basis, the sensitivity toward the
changes in refractive index is exploited to detect biorecognition events occurring on particle
surface, thus offering a great potential to develop sensing platforms. In Figure 2, the LSPR
of a plasmonic metal nanoparticle (Figure 2A) and the SPPs (Figure 2B) are depicted.

In addition, intense and highly confined electromagnetic fields generated by the LSPRs,
and localized within the gaps between metallic nanostructures, are of great interest for
other sensing techniques, such as SERS. In SERS analysis, the inelastic scattering generated
by molecules is greatly boosted when molecules are located closed (or adsorbed) to a
rough metal surface or metal nanoparticles, thus enhancing the signal. The history of
SERS is relatively short, considering that it has been observed for the first time in the
work of Fleischmann in 1974 [29] in the course of Raman measurements of pyridine
adsorbed on an electrochemically roughened silver surface. In 1977, two groups, observing
independently that the enhanced signal did not account for the concentration of scattering
species, proposed two different mechanisms: the group of Albrecht and Creighton [30]
proposed a charge-transfer effect, while D. L. Jeanmaire and Richard P. Van Duyne [31]
proposed an electromagnetic effect. Since then, an exponentially growing interest has been
focused on improving the SERS substrates to enhance the performance of the technique but
also to implement these structures in the point-of-care (PoC) devices. In the last few years,
hybrid compounds composed of bidimensional nanomaterial have been exploited with
an increasing frequency as SERS substrate [32], but also, other types of composites have
been exploited, such as for example metal-organic framework (MOF)-gold nanoparticle
(AuNPs) complexes [33].
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Figure 2. (A) Schematics of metal nanoparticles with their LSPR when placed in a static electro-
magnetic (EM) field; (B) collective charge oscillations (SPPs) at the interface between the dielectric
medium and the metal.

3. Properties of 2D Nanomaterials
3.1. Transition Metal Dichalcogenides (TMDCs)

Transition metal dichalcogenides (TMDCs) are a large family of materials of MX; type,
where M is a transition metal element from group IV, V or VI and X is a chalcogen (S, Se or
Te). They possess a layered structure, and each layer includes three atomic planes with an
arrangement of X-M-X type, where a hexagonally packed plane of transition metal atoms
M is enclosed within two atomic planes of chalcogen X, resulting in a thickness of 6-2117 A
for every single layer [34]. The interactions between atoms within the same atomic plane
are in their essence covalent, whereas the layers inside the structure are connected by Van
der Waals forces. In Figure 3, a WS, monolayer is represented.

One of the intriguing properties of TMDCs is polymorphism [35]: when in their bulk
form, three polymorphs are shown, namely the 1T, 2H and 3R, where the number indicates
the number of atomic planes within the unit cell and the letter indicates the symmetry.
In the 1T structural polytype, the symmetry is tetragonal, the coordination of the metal
atom is octahedral, and one monolayer is present in each unit cell; in 2H, the symmetry
is hexagonal, the coordination of the metal atom is trigonal prismatic, and there are two
monolayers inside the cell unit; finally, in 3R polymorphs, three monolayers are found
in each unit cells, the metal atom coordination is trigonal prismatic and the symmetry is
rhombohedral. These different structural phases originated from the different stacking
orders of the chalcogen-metal—chalcogen atomic planes, forming the single layer of TDMs.
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In the 2H phase, the chalcogen atoms in different atomic planes are located in the same
position A, so that one is located on the top of the other in a perpendicular direction of the
layer. This configuration of atomic planes corresponds to a stacking of ABA type. On the
other hand, the 1T phase is characterized by a stacking of ABC type. Combining different
chalcogens with different transition metals, it is possible to obtain the 1T or 2H phases, but
it is possible to achieve the other as a metastable phase [36]. The outstanding properties of
TMDCs are strongly correlated to the number of layers forming the structure. When passing
from the bulk state to the monolayer structure, several semiconducting TMDCs undergo a
transition from an indirect bandgap to a direct bandgap such as in the case of molybdenum
disulfide (MoS;). MoS; is one of the most representative TMDCs. In its bulk form, MoS; is
an indirect bandgap semiconductor with a bandgap of about 1.3 eV, but when exfoliated
to a single-layer structure, it goes through a transition to the direct band semiconductor,
with a bandgap of about 1.8-1.9 eV [37]. The transformation of electronic structure arising
from the different number of layers in the MoS, structure can be perceived in their spectra
of photoluminescence (PL). When in its bulk form, the PL emissions arising from MoS,
are inappreciable, but upon reducing the number of layers forming the structure, the PL
becomes more pronounced at ~670 and ~627 nm. The PL emissions are generated by the
direct excitonic transitions at the Brillouin zone K point. In addition, it has been shown that
when the number of layers is reduced, the PL intensity becomes stronger and the quantum
efficiency is higher, with the monolayer displaying the best values [38]. The capability of
an efficient fluorescence quenching for fluorophores displayed from TMDCs gave them
great potential to be exploited in the implementation of fluorescence-based biosensors.

Figure 3. Schematic of a WS, monolayer: plane consisting of W atoms (in green) and S plane
(in yellow).

3.2. Peroxidase-Like Activity

Between TMDs compounds, MoS, and tungsten disulfide (WS;) possess a peroxidase-
like activity that makes their use as mimics of the enzyme possible. In his work, Guo [39]
used for the first time MoS; nanosheets to catalyze the peroxidase substrate 3,3',5,5'-
tetramethylbenzidine (TMB) in the presence of HyO;. On the basis of these results, a
colorimetric assay for the sensitive and selective detection of glucose in human blood has
been developed. Because of the p-type nature of few-layer MoS, material, the electron can
transfer from TMB to MoS; nanosheets: during this process, the TMB molecules are able to
donate the lone-pair electrons from the amino groups to MoS; nanosheets on which they
are adsorbed, such that the electron density and mobility in MoS, nanosheets are increased.
As a result, the electron transfer from MoS, nanosheets to H,O,, producing the reduction
of HyO, to H;O, is accelerated, thus increasing the rate of oxidation reaction of TMB by
H,05,. In a successive work [40], Guo exploited the same process to develop a colorimetric
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assay to detect glucose in human blood, but exploiting WS, nanosheets in place of MoS,
nanosheets, thus confirming their peroxidase-like activity.

3.3. Catalytic Activity

Chemically exfoliated MoS, nanosheets with a prevailing contribution of metallic
1T phase reveal a high catalytic activity comparable to that of many catalysts based on
noble metals toward several models of reduction reactions performed in an aqueous envi-
ronment at room temperature and employing NaBH, as the reducing agent [41]. Despite
the good performances displayed in the metallic phase, MoS; in its trigonal prismatic
(2H polymorph) is by nature a semiconductor, so its intrinsic conductivity is relatively
low [42]; nevertheless, in order to perform a redox process, the electrons must be effectively
exchanged between the catalytic active center and the reagent to improve the catalytic
reaction kinetics. With the aim of promoting electron transfer, MoS; nanosheets have
been integrated with 2D graphene or 3D conductive supports. Incorporating plasmonic
nanoparticles onto the surface proved to be the most promising strategy to enhance the
peroxidase-like activity of MoS; nanosheets [43].

4. Fundamental Principles of Colorimetric Analysis Based on Plasmonic Nanoparticles

The mechanism behind the colorimetric detection is dictated by the outstanding
properties of the plasmonic nanoparticles, so, in this review, the colorimetric assays will be
classified into two main categories on the basis of the property exploited to cause the color
change. The first one is based on the LSPR shifts generated by the plasmonic properties of
the particles, whereas the other one is based on their enzyme-mimic activities.

4.1. Colorimetric Sensors Based on SPR Change

Taking into account that the absorbance (namely the color) is modulated by the
shape/morphology, size, distribution, and metal composition, as well as the local environ-
ment in which the plasmonic nanoparticles are immersed and by the interparticle distance,
in colorimetric sensing, the signal (i.e., the color change) can be originated by varying
one of these parameters, resulting in a modification of their optical absorbance and in an
LSPR shift in the UV-spectra. The first class of plasmonic biosensors considered in this
work is the one based on color change generated by the LSPR shifts, and the different
strategies at the basis will be considered. In line with different mechanisms designed to
cause an LSPR shift, it is possible to find strategies based on the interparticle distance
changes. Commonly, the mechanism causing the variation of the interparticle distance is
the aggregation of metal plasmonic nanoparticle. According to the aggregation strategy;,
the plasmonic assay is based on the color change (associated to an LSPR change in the
UV spectra) occurring when plasmonic nanoparticles swap in an aggregated state from
the individual one by means of the selective action of the analytes. For this kind of assay,
particles with a high cross-extinction section such as Au and Ag are the most appropriate,
allowing also colorimetric assays based on detection by the naked eye [44]. Due to its ad-
vantages, such as fast response, free from bulky and expensive instrumentation, simplicity,
sensitivity and portability, a lot of research has been focused on developing colorimetric
assays based on aggregation of plasmonic metal nanoparticles. The pioneering work of
Mirkin [45] paved the way to a new kind of sensing: in this study, firstly, AuNPs have been
modified with thiolated DNA, and then, aggregation was generated by the reaction with
the complementary DNA, resulting in a color change from red to blue, making it possible
to observe the reaction by the naked eye. From this work, the approach has been exploited
in different fields such as for example the detection of heavy ions, which is of interest
in biological, environmental, and food safety applications. For example, in the work of
Zhang [46], peptide-modified AuNPs have been successfully exploited for the parallel
detection of Cd?*, Ni2*, and Co?* ions. In this case, the peptide-functionalized particle has
been designed to have the ability to recognize and bind Cd?*, Ni?* and Co?* over other
metal ions, so that in the presence of such ions, the color of the solution turned from red to
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blue. The color change is associated with the aggregation of the AuNPs, resulting from the
binding between the peptide functionalizing the AuNPs surface and the metal ions. The
prepared AuNPs displayed a peak at 520 nm in the UV spectra, and when adding Cd?*,
Ni?* and Co?* ions, the peak shifted to longer wavelengths due to the aggregation of the
particles, so monitoring the absorbance ratio at 520 nm and 600 nm (A520/A600) allowed
plotting the calibration curve for a detection limit as low as 0.05 uM Cd?*, 0.3 uM Ni?* or
2 uM Co?*. In the work of Wen [47], polyethyleneimine (PEI)-stabilized gold nanoparticles
(PEI/AuNPs) have been synthesized and exploited for heparin detection. Heparin is a
negatively charged polysaccharide used in clinical procedures as an anticoagulant, so that
is able to create electrostatic interactions with the positively charged aminic groups of PEI
functionalizing the AuNPs surface. As a result of the electrostatic interactions, the aggrega-
tion of AuNPs is induced, resulting in a color change. Colorimetric assays based on the
aggregation of plasmonic metal nanoparticles offer a great potential for the fast and easy de-
tection of analytes, so they have attracted great attention during the outbreak of coronavirus
disease 2019 (COVID-19) caused by the severe acute respiratory syndrome-coronavirus-2
(SARS-CoV-2). To contain and downregulate the pandemic spreading, a rapid, handy, and
large-scale diagnosis is requested, so many efforts have been focused on this direction [48].
Motivated by its characteristics, in the work of Moitra [49], a colorimetric assay for the
selective naked-eye detection of SARS-CoV-2 has been developed. Gold nanoparticles have
been synthesized, and their surfaces were functionalized with thiol-modified antisense
oligonucleotides (ASOs) specific for N-gene (nucleocapsid phosphoprotein) of SARS-CoV-2:
in presence of its target RNA sequence of SARS-CoV-2, the ASO-capped AuNPs aggregate,
causing a shift in the LSPR spectra and observing a color change from violet to dark blue.
As discussed in Section 2.3, in order for LSPR to occur, the dielectric function of the metal
must be composed by a large and negative real e1(w) and a small and positive imaginary
part e2(w), and while metals such as silver and gold fully satisfy these requirements, other
metals such as for example copper fulfill that criterion in the same manner [50], but in
contrast to Au and Ag, they are unstable and inclined to surface oxidation so that their
optical properties are influenced and their handling is difficult. Because of its instability,
the copper nanoparticles (CuNPs) remain unexplored for practical applications. Motivated
by the lower cost compared to Au and Ag nanoparticles, Laghari in his work [51] used
CuNPs as a sensing system, despite their challenging formation. In this work, CuNPs
have been produced without the protection of inert gas and reducing the precursor with
hydrazine in the presence of ranolazine acting as the capping agent (Rano-CuNPs). After
the synthesis, the Rano-CuNPs have been tested for As** ions detection: when adding
As3* ions, the Rano-CuNPs solution turns from red brick to dark green, while in the UV
spectra, the LSPR decreased in intensity and red-shifted. From the linear regression plot of
the change in absorbance (AA) versus As3* concentration, an LOD of 1.6 x 1078 M and
from the comparison with the results obtained in the previous methods, the authors found
that it was the lower. The redshift of the LSPR peak has been justified by the aggregation of
Rano-CuNPs: in the presence of As3* ions, ranolazine is removed from the surface, thus
destabilizing the nanoparticles and causing their aggregation. Different from assays based
on aggregation, other strategies rely on the etching or growing of plasmonic metal nanopar-
ticles: in this case, the shift of LSPR peak with the connected color change is originated
from variations in the size and shape of plasmonic nanoparticles. For example, in the work
of Guo [52], a colorimetric approach has been developed for the detection of molecules
based on the enzyme-directed growth of silver nanoparticles (AgNPs) on the surface of
gold nanostars (AuNSs). In this case, the strategy has been designed to detect alkaline
phosphatase (ALP), which is an important biomarker in clinical diagnoses such as prostatic
cancer, hepatitis, and bone disease. When ALP is added to a solution containing AuNSs,
Ag* ions and ascorbic acid 2-phosphate (AAP), the ALP-catalyzed dephosphorylation
of AAP takes place, producing ascorbic acid (AA). The so-formed AA then reduces the
Ag+ in the solution to produce silver nanoparticles (AgNPs) on the AuNSs surface. As
a result of the AgNPs formation on the AuNSs surface, the solution turns from blue to
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dark blue, purple, and ultimately orange when the ALP concentration increased, whereas
at the same time, the LSPR of AuNSs in the UV-spectra blue-shifted. Because the LSPR
shift is dependent on the amount of ALP introduced into the system, a calibration curve
has been created plotting the LSPR shift versus the logarithm of ALP concentration, from
which an LOD of 0.5 pM has been calculated. Differently, other approaches are based on
the etching of plasmonic metal nanoparticles. In the work of Xu [53], a colorimetric assay
for glucose, based on enzymatic etching of gold bipyramids (AuNBPs), has been designed:
from the horseradish peroxidase (HRP) catalyzed oxidation of glucose, peroxide hydrogen
is formed that successively is broken into OHe radicals. The so-generated hydroxyl radicals
(OHe) were able to etch the AuNBPs, causing a blue-shift of the LSPR peak, from which
the glucose is detected. Although colorimetric assays performed in solution offer great
potential for a fast, sensitive and easy detection of molecules, special attention must be
paid to the stability of plasmonic metal nanomaterial, since unexpected aggregation can
be induced by changing the environmental conditions such as buffer composition, pH,
salts concentration, etc., so that false negative or positive signals can occur, invalidating
the detection results. To avoid the issues correlated to the assays in solution, in other
strategies, the plasmonic metal nanoparticles are deposited on the surface of a substrate:
under these circumstances, the LSPR is generated by the change in the dielectric around
the particle surface. The most common approaches used a glass slide as a substrate [54],
but other substrates are attracting growing attention for their intrinsic properties, such as
for example in the work of Shiohara [55], where a monolayer of gold nanostars (AuNSs)
has been uniformly deposited with a high density on a polydimethylsiloxane (PDMS) and
tested as an LSPR sensing platform. The choice of PDMS was motivated by its properties:
PDMS is an optically transparent elastomer, inert, non-toxic, non-flammable, and flexible.
Because of its flexibility, PDMS substrates could be wrapped around a non-flat surface for
detection. Using the model analyte mercaptoundecanoic acid for analysis based on the
LSPR shifts originating from refractive index changes, the sensing platform displayed good
results, thus showing a great potential for LSPR sensing. In the work of Tadepalli [56], gold
nanorods (AuNRs) functionalized with appropriate biorecognition elements (BRE) have
been deposited on a regular laboratory filter paper and successfully tested for the cardiac
biomarker troponin I (cTnl) detection. The created bioplasmonic paper device (BPD) offers
a great potential for use in resource-limited settings, because it does not require special
storage conditions.

4.2. Colorimetric Detection Based on Catalysis by Enzyme-Mimic Nanomaterials

Whereas in the first group, the color change originated from an LSPR shift resulting
from the different shape, size, or dielectric environment of the plasmonic nanoparticle in-
duced by the analyte, in the second group of biosensors, the detection of molecules is based
on the peroxidase-like activity of the plasmonic nanoparticles. Natural enzymes are able to
catalyze organic reactions, but despite their intriguing potential in colorimetric detection,
they display some drawbacks: they are not stable, thus becoming easily denatured, could
lose their activity when purified, stored, or applied, and are expensive, so that in the last
few years, an increasing interest in developing them has been focused on designing and
developing nanomaterials with enzyme-mimic characteristics aiming to overcome the criti-
cal characteristics of the natural enzymes [57]. Among the natural enzymes, horseradish
peroxidase (HRP) has received great attention for its ability to catalyze the oxidation of
a dye resulting in a color change generated by the formation of the product, such that
a broad variety of peroxidase mimic nanomaterials have been designed and developed
for colorimetric detection. Usually, the catalytic activity of peroxidase is evaluated by
peroxidase substrates such as 3,355 -tetramethylbenzidine (TMB), diazoaminobenzene
(DAB), o-phenylenediamine (OPD) and 2,2'-azino-bis(3-ethylbenzothiazoline-6-sulfonic
acid) (ABTS): when they are oxidized by peroxidase in the presence of hydrogen peroxide
(H,0O5), a color change is generated by the formation of the product [58]. Metal plasmonic
nanoparticles have attracted great interest in catalysis because, in addition to their out-
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standing optical and physical properties, they show a high surface-to-volume ratio. While
the plasmonic properties of Au and Ag nanoparticles have been extensively exploited for
colorimetric sensing, fewer efforts have been invested in a deep insightful understanding
of the optical properties of other metals such as Pd nanoparticles (PdNPs). However, in
the last few years, some works focused on a critical review of the plasmonic behavior of
PdNPs, with the aim to facilitate their future applications in advanced devices. In the work
of Sugawa [59], the extinction spectra of Pd nanospheres (PdNSs) surrounded by water
(n = 1.33) and with a diameter (d) comprised in the range 10-200 nm, and from the calcu-
lated extinction spectra, it is possible to note that for a particle with d < 40 nm, the LSPR is
localized in the region of the spectra with wavelengths lower than 200 nm, whereas particles
with diameters between 50 and 90 nm display a dipolar LSPR in the near ultraviolet region.
For particles with a diameter larger than 90 nm, the optical response broadens because,
along with dipolar modes, higher-order modes start to appear. In addition, the factors at
the basis of the refractive index sensitivity of plasmonic PANPs have been examined. On
the basis of the Frolich condition, the wavelength at which the LSPR takes place depends
exclusively on the relation between the real part of the metal-dielectric function (e1(w)) and
the surrounding medium (em); since the value of e1(w) relies on the wavelength A (namely,
each A corresponds a different value of ¢1), the LSPR frequency is strictly related to how the
dielectric function change with the wavelength. Considering the dependence of em on the
refractive index of the medium n (eq), in the plot of 1 versus the wavelength A, the range
of A at which the LSPR occurs for the values of n comprised between 1.333 and 1.440 has
been highlighted, and it has possible to observe that Pd controls the broadest resonance
wavelength range: it means that for changes in the refractive index, Pd shows the larger
LSPR shifts. The theoretical and experimental sensitivity of PANPs toward the refractive
index changes has been calculated and compared with that of AuNPs and AgNPs, showing
the higher sensitivity of PANPs. Successively, the plasmonic properties of PANPs have
been critically reviewed in the work of De Marchi [60]. In this work, the real part e1(w)
of the dielectric function has been related to the angular momentum 1 (establishing the
order of the resonance mode for spherical particles) and the factor shape Li for anisotropic
ellipsoidal particles, so that, from the plot of €1 for Au, Ag and Pd versus A, it is possible to
observe that e1 changes more slowly in the case of Pd compared to Au and Ag; that is, the
slope of the curve is lower for Pd. The lower value of the slope results in a broader range of
wavelengths at which LSPR takes place when the particle shape changes, thus indicating
the higher sensitivity of PANPs to shape variations. In the work of Langhammer [61],
the large sensitivity toward the change in size has been demonstrated for Pd nanodisks.
Small Pd nanodisks with a height of 20 nm and a diameter of 38 nm display an LSPR peak
at 200 nm, whereas nanodisks with the same size but made of Ag display an LSPR peak
centered at 500 nm. Larger Pd nanodisks with a height of 20 nm and a diameter of 530 nm
show an LSPR at 1800 nm, whereas for nanodisks made of Ag with the same size, the LSPR
peak is centered at 1600. It means that in case of PANPs, when the size changes, there is
a shift from 200 to 1800 nm, a range of 1600 nm, whereas in the case of AgNPs, there is
a shift of 1100 nm (from 500 to 1600 nm), thus showing the higher sensitivity of PANPs
to change in shape compared to AgNPs. From the absorbance properties of PANPs arises
the necessity of designing synthetic routes to fabricate Pd nanoparticles with well-defined
optical features, so that, despite the potential to become the third plasmonic sensing mate-
rial, its use in colorimetric detection based on LSPR shifts remains unexplored, and in this
work, we will consider the use of PANPs in colorimetric assays only on the basis of their
enzyme-mimic activity. In the work of Rastogi [62], Pd nanoparticles have been synthesized
in a simple single-step green method, using the gum kondagogu (GK) as the reducing
and capping agent. In the presence of TMB and H;O5, the so-obtained Pd nanoparticles
(GK-Pd NPs) displayed a good peroxidase-like activity, thus showing the potential for the
colorimetric detection of cholesterol. The oxidation of cholesterol catalyzed by cholesterol
oxidase (ChOx) produces 4-cholesten-3-one and H,O,, and the peroxide hydrogen formed
in the presence of GK-Pd NPs reduces the TMB molecules in the system so that the peak at
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652 nm of the reduced TMB starts to appear in the UV-visible spectra. At the same time,
the color of the solution turns into blue from dark brown. For the growing concentration
of cholesterol, the absorbance of the peak at 652 nm increased, so by the calibration curve
of the absorbance at 652 nm versus cholesterol concentration, a limit of quantification of
3.7 uM has been found. In the work of Jin [63], small Pt nanoclusters (Pt NCs) have been
synthesized and exploited for glucose detection. Small PtNCs with an average size of
about 3 nm have been produced using yeast extract acting as the reducing agent of the
precursor and the stabilizer of the particles, and their peroxidase-like activity was tested: in
the presence of PtNCs, the oxidation of TMB by H,O; takes place, producing a color change
from colorless to blue, and a peak centered at 652 nm starts to appear in the UV-spectra. In
the absence of PtNCs or H,O,, the system remained colorless, and no peak is observed in
the UV spectra, confirming that both PtNCs and HO, are required and PtNCs is able to
catalyze the oxidation of TMB, confirming its peroxidase-like activity. Taking advantage of
the peroxidase-like activity, in the same work, a rapid colorimetric biosensor for glucose has
been developed. Glucose is oxidized by means of the reaction with O, catalyzed by glucose
oxidase (GOD), producing H,O, and gluconic acid. The H,O, produced by the reaction
of oxidation successively reacts with the TMB molecules present in the system so that a
colorimetric reaction of TMB reduction occurs and was used as a colorimetric assay. In
this work, the nature of peroxidase-like activity of PtNPs has been assigned to its ability to
facilitate the electron transfer between TMB and H,O,;. For the PtNCs-catalyzed reduction
of TMB with H,0O,, it has been found that a Langmuir-Hinshelwood mechanism gives a
better description of the kinetic data [64]. According to the proposed mechanism, in the first
step, TMB and peroxide hydrogen molecules are adsorbed on the particle surface and are
decomposed, thus generating surface-bound reactive oxygen species (ROS). Successively,
the so-produced ROS can react with the adsorbed TMB molecules in the step, determining
the rate of the reaction, and the formed product is desorbed from the surface. Asides from
their peroxidase-like activity, metal nanoclusters display a reductive activity, and usually,
the catalytic reduction of 4-nitrophenol (4-NP) to 4-aminophenol (4-AP) is employed as
a model reaction to evaluate the catalytic performances of AuNPs. Wunder et al. [65] pro-
posed the Langmuir-Hinshelwood mechanism as a model for the reduction of 4-NP by
NaBHyj in the presence of metallic nanoparticles. According to the proposed mechanism,
the surface of metal nanoparticles is the place where the process of the catalytic reduction
takes place: borohydride ions as well as 4-NP molecules adsorb on the metal nanoparticle
surface, so that borohydride ions reduce 4-NP molecules, becoming the step determining
the rate of the reduction. In this contest, the surface of the particle is a critical factor:
during the catalytic process, ligands are displaced by the substrates, so that no induction
time is observed when ligands are easily removed, whereas longer induction times are
observed for strongly adsorbed ligands. In view of that, several strategies are focused on
facilitating the displacement process between the ligands and substrates on the surface
to increase the rate constants and the catalytic activity of the metal nanoparticles. The
reduction of 4-NP catalyzed by metal nanoparticles is also used as a colorimetric-sensing
strategy. For example, a colorimetric assay for cocaine detection based on the catalytic
activity of the AuNPs surface toward the reduction of 4-NP has been developed in the work
of Abnous [66]. In this case, the formation of a triple-fragment aptamer (TFA) on the AuNPs
surface is induced by the presence of cocaine, resulting in a substantial reduction of the
AuNPs catalytic activity so that the solution remains yellow. When there is no cocaine, TFA
is not formed, so that 4-NP can easily bind to the particle surface, facilitating its reduction
and, as a result, the solution turns from yellow to colorless, indicating the formation of
the product, the 4-AP. From the calibration plot, an LOD of 440 pM has been found. In
addition, the colorimetric assay has been tested for cocaine detection in spiked human
serum samples obtaining good results, thus showing great potential in clinical diagnosis.
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5. Properties of Hybrids Compounds
5.1. General Properties

Despite the exceptional properties displayed by 2D nanomaterials, they reveal some
drawbacks; the most challenging of them is the interaction of the light with the materials,
resulting in lower light absorption and emission caused by the thickness at atomic scale [67],
so they cannot be efficaciously exploited in all applications, especially for light-driven ones.
With the intention to address the needs of the practical applications, increasing the light
absorption of 2D nanomaterials has become a critical point. The most promising strategy
developed in the last few years, which is attracting growing interest, consists of integrating
2D nanomaterials with plasmonic metal nanoparticles to form hybrid compounds. The
resulting structures display unique features arising from the combination of the individual
properties of both materials, such as the plasmonic optical effects of metal nanoparticles
and the physicochemical properties of 2D materials. Metals such as Au, Ag, or Cu are
provided light absorption in the UV-visible and NIR range and a high charge-carrier
concentration so that they can support an intrinsic strong plasmonic effect [68]: when
plasmonic materials are incorporated into a hybrid compound, the plasmonic effect is
introduced in the structure, providing the capability to overcome the issue of the reduced
light absorption. As a result of the plasmonic effect induced by the metal nanomaterial in
the hybrid structure, some properties will be modified and improved. As a result of the
combination of the two materials, the electric field at the interface is enhanced, and the
charge transfer between plasmonic metal and probe molecules is increased as a consequence
of the high carrier mobility. In this context, the plasmonic effect results in plasmon-induced
“hot electrons”, improving the conductivity of the hybrid nanostructures and enhancing
the photogeneration rate [2]. Bidimensional nanomaterials offer additional advantages,
such as a large surface area and enhanced functional groups providing numerous active
sites for the interactions with other molecules as well as the capability to bind protein and
nucleic acid via -7t stacking interactions with aromatic rings, resulting in a larger number
of molecules adsorbed on the nanocomposite surface, improving their performances in
biosensing applications [69]. In the present work, an overview on colorimetric assays based
on the outstanding properties of hybrid nanoparticles /2D nanomaterials will be given.

5.2. Catalysis of Hybrid Compounds toward 4-NP Reduction

Investigation of the catalytic performance of semiconducting TMDs hybridized with plas-
monic metal nanoparticles toward the reduction of 4-nitrophenol (4-NP) to 4-aminophenol
(4-AP) has been performed considering disulfide of tungsten, WS;, which is one of the
most representative compounds of this class of materials. A first approach in the use of
AgNPs@WS5, nanosheets as catalyst has been reported in the work of Lee [70]. Here, after
the exfoliation of bulk WS,, AgNPs were readily introduced onto the WS, nanosheets via
an amine-assisted in situ growth method with a control on the particle size. The AgNPs
with different sizes supported on WS, nanosheets were used to photocatalyze the reduction
of 4-nitrophenol (4-NP) to 4-aminophenol (4-AP) under visible light irradiation in order to
evaluate the catalytic efficiency. The Ag@WS; hybrid material was added to a 4-NP aque-
ous solution, whereafter it was irradiated with an LED lamp. Monitoring the reaction by
means of UV-visible spectroscopy allows us to observe that as the reaction progressed, the
peak at 400 nm of 4-NP disappears, while a new peak corresponding to the product (4-AP)
appears at 300 nm. Three different sizes of the AgNPs have been tested: smaller particles (sAg-
NPs), large nanoparticles (LAgNPs) and bigger AgNPs (XLAgNPs), and the obtained results
showed that large nanoparticles (LAgNPs) exhibit higher activity in the reduction reaction
under visible light irradiation (k = 0.178 min~!) compared to smaller particles (sAgNPs with
k =0.014 min~!) and bigger particles (XLAgNPs). X-ray photoelectron spectroscopy (XPS)
analysis shows that in SAgNPs@WS, hybrids, most of the Ag atoms were monovalent (Ag*),
whereas in LAGNPs@WS, nanohybrids, most of the Ag atoms were zerovalent (Ag”). Thus,
the enhanced catalytic efficiency for LAgNPs@WS, is explained by the different oxidation
state of Ag, with Ag® atoms having the highest activity, thus suggesting that the surface state
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of the catalyst determines the photocatalytic activity. In case of XLAgNPs@WS, hybrids, the
lower activity has been explained by the shielding of the photoactive sites on WS, nanosheets.
Comparing the results obtained with the catalytic efficiency of other photocatalytic systems, it
has been found that nanohybrids showed two or three orders of magnitude higher values of
turnover frequency (TOF). The enhancement of the catalytic activity has been attributed to
the increased density of electrons of AgNPs on the nanohybrids via excited electron transfer
from the semiconducting WS,. In a successive work [71], hybrid nanosystems composed
of a cationic polymer, (poly(diallyldimethylammonium chloride) (PDDA)-stabilized WS,
nanosheets and Au nanoparticles (AulNPs) have been tested as catalysts for 4-NP reduction.
Bulk WS, has been exfoliated by means of PDDA, and the obtained few-layer WS, nanosheets
(less than three layers), PDDA-FL-WS,-NSs, successively have been decorated with negative
citrate-capped Au, Pd, and Pt nanoparticles via electrostatic interactions, and their catalytic
efficiency evaluated. As in the previous work, the reduction of 4-NP has been monitored by
UV-visible spectroscopy, and comparing the three different types of metal nanoparticles, it
has been found that nanocomposites of PANPs and PDDA-FL-WS,-NSs showed the higher
catalytic efficiency. In addition, all the hybrid systems showed an enhancement in catalytic
activity compared to the bare metal nanoparticles, which was due to the presence of the WS,
nanosheets. In Figure 4, a schematic of 4-NP reduction is shown.

4-Nitrophenol (4-NP) Reduction

Au/MoS:Catalyst

Figure 4. Reduction of 4-nitrophenol (4-NP) catalyzed by Au-MoS, nanohybrid by which 4-
aminophenol (4-AP) is obtained.

6. Hybrid Compounds for Colorimetric Detection

In this section, the applications of hybrid metal nanoparticles/2D nanomaterials in
the colorimetric detection of molecules, motivated by their outstanding properties such as
peroxidase-like activity and LSPR, will be reviewed.

6.1. Colorimetric Detection Based on LSPR of Hybrid Compounds

Stimulated by marvelous optoelectronic plasmonic properties, in his work, Wu [72]
decorated MoS; nanosheets with gold nanoparticles (AuNPs), obtaining a hybrid system
exhibiting outstanding optical properties, which has been investigated for the detection
of 2,4,6-trinitrotoluene (TNT), which is an explosive. Because MoS, showed a great redox
behavior, thus being able to reduce metal precursor, the hybrid systems composed of MoS,
nanosheets decorated with Au nanoparticles (AuNps@MoS;) were obtained, adding the
solution of gold salt to a solution of MoS; nanosheets and heating the mixture thus obtained.
Successively, the AuNPs@MoS; hybrid systems have been functionalized with the bio-
recognition elements: explosive-specific peptides. Following the covalent binding between
Au nanoparticles and the sulfhydryl group of TNT-specific peptides, a red-shift of the
absorption peak is observed. The peptide chains functionalizing the AuNPs@MoS, hybrid
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are able to bind TNT molecules via the donor-acceptor interactions between tryptophan and
TNT, n—m interactions between histidine and TNT and partial charge—charge interactions
or hydrogen bonds between imidazole side chains in peptides and nitro groups in TNT
molecules, thus, upon adding a TNT, changes in absorption spectra have been observed
as a consequence of peptide binding with TNT molecules. A further red-shift of 4 nm
following the TNT binding with peptides is observed, but in particular, the intensity of the
absorption peak decreases when TNT concentration increases, so fitting the absorbance
intensity of the peak at 541 nm with TNT concentration, a linear relation is obtained, which
can be used for quantitative analysis. From the results, it has been found that the sensing
platform could detect TNT at the concentration as low as 2 x 10~7 M. In order to further
investigate the sensing performances of the Au Nps@MoS, hybrid, TNT molecules have
been detected using peptide-functionalized Au nanoparticles and pristine MoS,, and the
results obtained confirmed the enhanced sensitivity of Au Nps@MoS; systems, magnifying
the response to TNT molecules. In Figure 5, the TNT sensing by means of LSPR is shown.

o )

Shift In UV-Spectra

Figure 5. TNT sensing by monitoring the shifts of LSPR peak in the UV spectra.

6.2. Colorimetric Sensing Based on Peroxidase-Like Activity

The previous work of Guo [39,40] showed the potential of exploiting the peroxidase-
like activity of bidimensional nanomaterial in the colorimetric detection, but in the work
of Saxena [73], there was a detailed explanation for a plausible mechanism behind TMB
reduction with H,O; reaction in the presence of MoS, and Au-MoS; nanocomposites
as catalysts. The lone pair of electrons in the amino group of TMB is localized in the
non-bonding orbital of the molecule (NBO), and in the absence of a catalyst, the energy
of the LUMO of H,0, is higher compared to that of NBO, so the electrons cannot be
transferred from the NBO of TMB. When adding a catalyst to a mixture of TMB and H,0,,
in the UV spectra, the characteristic absorption peaks of the 1 electron charge transfer
complex of TMB start to appear and the system turns into a blue color, thus validating the
electron transfer from the NBO of TMB to the catalyst. When using MoS; as catalyst and
electrons are acquired from TMB, the Fermi level of MoS; rises in energy, thus enabling the
sequential electron transfer to LUMO of H,O, by which H,O, is reduced and -OH radicals
are generated. At a higher increase in the catalyst’s Fermi energy when receiving electrons
from TMB, the driving force of H,O, reduction is larger, resulting in a faster reaction.
In addition, the transfer of electrons from TMB to the Fermi level confirms the catalytic
activity of MoS, that can be assigned to its p-type nature [74]. Furthermore, exploiting
the hybrid compound formed by Au nanoparticles and MoS, nanomaterials, a superior
peroxidase-like activity has been demonstrated. Due to the thermal excitation of Au NPs
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occurring spontaneously at the heterointerface between MoS, and Au, the thermal electrons
localized in the AuNPs can transfer to the surrounding MoS; nanosheets, so that when the
hybrid compound receives electrons from TMB, the increase in its Fermi energy is higher
compared to that of MoS, nanosheets, thus improving the catalytic activity [42]. At this
point, the so-produced -OH radicals react with TMB molecules, the electrons are transferred
to the catalyst and the oxidized form of TMB is produced. In Figure 6, the reduction in
TMB in the presence of Au-MoS; is represented.
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Figure 6. (a) Plausible mechanism for the peroxidase-like activity of the hybrid compounds; (b) ener-
getics levels for the catalysis.

Stimulated by the extraordinary catalytic properties of the nanocomposites, a colorimetric
assay based on the peroxidase-like activity of molybdenum disulfide (MoS;) nanosheets
hybridized with gold nanoparticles (MoS,-Au) has been developed by Zhang [75] to detect
Hg* ions in a system. After producing MoS,-Au nanocomposites with a microwave-assisted
solvothermal method, a first test to evaluate the catalytic activity toward the oxidation of
3,3 5,5/ -tetramethylbenzidine (TMB) with H,O, has been performed, finding a linear response
in the range 20 nM to 20 uM and a detection limit (LOD) of 5 nM. In a successive test, traces
of Hg" ions have been added into the reaction system, resulting in a rapid stimulation of
the MoS;-Au nanocomposites” peroxidase-like activity. The Michaelis-Menten constant (Km)
represents the affinity of a given enzyme toward the substrate: the smaller Km value means
the stronger affinity between the enzyme and the substrate, thus, in order to evaluate the
Hg?*-stimulation effect on the peroxidase-like activity of MoS;-Au, Km has been calculated
without and with Hg" ions. As a result, the values of Km are lower in the presence of Hg" ions,
thus confirming the stimulation effect of mercury. The stimulation effect has been assigned
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to the formation of a Au-Hg amalgam, promoting the strong interaction between Hg?" and
MoS;-Au. In addition, it has been found that the catalytic activity stimulation is dependent
on Hg™" concentration, so that when the Hg" concentration rises, the absorbance peak in the
UV-Vis spectra of oxTMB at 652 nm increases. As a result, from the calibration curve obtained
plotting AA (AA = A — Ay, with A and A, representing the absorbance at 652 nm in the
presence and absence of Hg?") vs. [Hg*], we obtain a linear relationship and an LOD of 5 nM,
which is much lower compared to previous work. The reaction can be visually followed
with the naked eye: in the absence of a catalyst, the reagent solution is colorless, and when
adding the MoS,-Au nanocomposites, a deep blue color starts to appear. Accordingly, in
the UV-visible spectra the absorbance at 652 nm increased when the Hg* concentration in
the system was raised. Finally, the so-developed colorimetric assay has been successfully
applied to detect Hg" ions in tap water, showing an excellent activity toward interfering ions.
Because of the extraordinary performances, the developed colorimetric assay holds great
potential in environmental protection and monitoring. The peroxidase-like activity of hybrid
nanocomposites has been exploited to detect cadmium, cholesterol and also H,O, as well as
cancer cells [42,73,76].

6.3. Colorimetric Sensing Based on Catalysis of Reduction Reaction of 4NP

In the work of Wang [77], a colorimetric sensor for carcinoembryonic antigen (CEA),
a tumor biomarker, has been developed on the basis of the excellent catalytic activity of
MoS; nanosheets hybridized with AuNPs. The so-developed platform sensing is a “sand-
wich” immunocomplex where the first layer of the structure is formed by molybdenum
disulfide (MoS,) nanosheets hybridized with AuNPs conjugated with anti-CEA (Abl-
MoS,-AuNPs). This layer is used to capture the CEA target; therefore, it has been made
to react with bovine serum albumin (BSA) to block the sites still active in order to hinder
nonspecific adsorption. The Ab1-MoS,;-AuNPs composite has been made to react with
CEA, and successively, from the reaction of the so-obtained CEA-Ab1-MoS;-AuNPs with
Ab2-MoS;-AuNPs, the “sandwich immunocomplex” is obtained. The Ab2-MoS;-AuNPs
layer maintains its catalytic activity because it has not reacted with BSA. After this last
reaction, the solution has been centrifugated, and the supernatant was collected. When
the supernatant is added to a solution of 4-nitrophenol (4-NP) and sodium borohydride
(NaBHy), the Ab2-MoS;-AuNPs composites advanced from the immunocomplex formation
and catalyzed the reaction 4-NP + NaBH; — 4-AP (4-aminophenol). The 4-NP solution
is pale yellow, showing a peak centered at about 317 nm in the UV-Vis spectra; adding
NaBHy, the solution turns to bright yellow, and in the UV-Vis spectrum, a peak is present at
about 400 nm, which is the nitrophenolate ion peak. Finally, when adding the supernatant
containing the Ab2-MoS;-AuNPs composites, the 4-NP and NaBH, solution turns color-
less from bright yellow, indicating that the reaction 4-NP + NaBH4 — 4-AP has occurred.
When adding the Ab2-MoS,-AuNPs nanohybrid, in the UV-Vis spectra, the intensity of
the peak at 400 nm decreases, while the intensity at 300 nm (4-AP) increases. Increasing
the amount of CEA in the immunocomplex formation, the Ab2-MoS,-AuNPs nanohybrid
quantity in the supernatant decreases along as with the catalytic activity so that a linear
relation between absorbance at 400 nm and logarithm of CEA concentration (Log [CEA])
for [CEA] comprised in the range 5 pg/mL-10 ng/mL has been found from which a Limit
of Detection (LOD) of 0.5 pg/mL has been calculated. The value of LOD has been com-
pared with that obtained in other works for other colorimetric platforms, finding improved
performances [78-80]. In addition, the catalytic activity has been evaluated by the time
of the catalytic reduction reaction, finding that the reaction is complete in 680 s, 420 s,
240 s, and 200 s exploiting MoS, nanosheets, AuNPs, Ab2-Mo0S;-AuNPs and MoS;-AuNPs
nanocomposites as catalysts, thus demonstrating the outstanding catalytic activity of the
hybrid systems. The Ab2-MoS,-AuNPs has demonstrated a slightly lower catalytic activity
compared to the MoS;-AuNPs because the antibodies adsorbed on the surface hindered
the catalytic activity of Ab2-MoS;-AuNPs nanocomposites. The excellent catalytic activity
of the hybrid systems has been motivated by means of three factors. Firstly, thanks to the
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large surface area, the nanohybrids are able to absorb a higher number of 4-NP molecules
by means of — stacking, thus increasing the reactant concentration near the catalyst and
so facilitating the catalysis process. Secondly, the AuNPs agglomeration is prevented by
using the MoS,; nanosheets as a substrate, so that their catalytic efficiency is maintained.
Thirdly, the catalytic reaction is promoted by both AuNPs and MoS; nanosheets.

Table 1 contains a summary of the different colorimetric sensing based on hybrid compounds.

Table 1. Different colorimetric detection strategies based on 2D nanomaterials and hybrid compounds
with plasmonic metal nanoparticles.

Catalyst Detection Strategy Detected Molecule Limit of Detection (LOD) Reference
MoS, Peroxidase-like activity Glucose 1.2 umol L1 [39]
WS, Peroxidase-like activity Glucose 29 uM [40]
MoS;-Au nanocomposites Peroxidase-like activity Hg?* ions 5nM [75]
Au-MoS; nanocomposites Peroxidase-like activity Cadmium 0.7 ng/mL [76]
Molybdenum disulfide
nanoribbons hybridized with Peroxidase-like activity Cholesterol 0.015mM [73]
AuNPs (MoS; NRs—-AuNPs)
MoS,/C-Auggg Peroxidase-like activity Cancer cells [42]
Nanocomposites of gold .
nanoparticles and 2D LSPR shifts 2,4,6-trz¥§[r%toluene 4x10°°M [72]
MoS;sheets (AuNPs@MoS,)

. Lo Carcinoembryonic

MoS;-AuNPs nanocomposites Reduction in 4-NP antigen (CEA) 0.5 pg/mL [77]

7. Future Perspectives

Several point-of-care (POC) devices have been developed in the last few years, includ-
ing microfluidic, paper-based, consumer electronic plasmonic devices, and so on [81]. One
of the most famous is the test for SARS-CoV-2 detection, which is based on the colorimetric
detection of Au nanoparticles, but despite the progress, the research on the application
of the hybrid systems in colorimetric assays to be implemented in POC is only in the
early stage. In addition, sensing techniques and optical imaging based on smartphones
have gained increasing interest, which is motivated by the high sensitivity and image
resolution achieved while removing the need for costly and bulky optical instrumenta-
tion. Taking advantage of the built-in camera, screen/flash, and the connection to data
storage capabilities available in the “cloud”, smartphones or tablets provide an appealing
and low-cost alternative to bulky optical instrumentation, so that incorporating a sensing
system into a smartphone by means of different accessories reveals a promising approach
to permit the application of smartphones to sense, transduce, and communicate different
types of biological information. As an example, by adding small field-portable fluores-
cence microscopy accessories to a smartphone, it has been possible to image individual
fluorescent nanoparticles and viruses with diameters down to 100 nm [82]. In addition, by
incorporating commercially available lens systems, it is possible to image cells, bacteria
and biological tissue at 350 x magnification [83]. In the work of Liedberg [84], a portable
smartphone spectrometer to monitor optical changes in real time has been developed
and applied as an LSPR biosensor by designing an assay for cardiac human troponin
(troponin I), the heart disease biomarker, exploiting AuNPs. By measuring the absorbance
peak of the AuNPs and exploiting the smartphone as a spectrometer, it has been possible
to detect troponin. A simulation study showing that LSPR color filters can be exploited
for a low-cost reading set-up has been performed very recently by Fantoni et al. [85]. In a
first step, the light transmission properties of a transparent substrate covered with a layer
of uniformly distributed Au nanoparticles with and without the combination of different
2D nanomaterials have been simulated, and then, the results obtained were transformed
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into a vector in XYZ, Lab, and RGB color spaces. The principal finding is a quantification
of how much, and in which manner, the color recognition process may be affected by
different parameters, and once optimized, the digital camera of a mobile phone would be
suitable for the implementation of this method, paving the way to low-cost sensing. In
this context, it has been proposed that the photo camera of a smartphone would be the
best target to implement this method, thus paving the way for the use of the plasmonic
metal nanoparticles /2D nanomaterials hybrids as a sensing platform combined with an
innovative output reading requiring just a smartphone in point of care devices such as
for example the acute kidney disease or the viral surface spike proteins of SARS-CoV-2.
Figure 7 shows a schematic of the detection mechanism.

Smartphone elaborating signal

Detection results

L .
. . .

Hybrid compound f::r LSPR sensing

Figure 7. Recognition process of LSPR signal provided by smartphone (from Ref. [52]).

8. Conclusions

In this work, firstly, the characteristics of plasmonic metal nanoparticles and 2D
nanomaterials have been discussed separately in order to gain a better understanding
of the properties of the hybrid compounds generated from the combinations of the two
structures. After a critical review of the strategies at the basis of colorimetric sensing, the
exceptional properties displayed from the hybrids and originating from the synergistic
effect of the individual part of the structure have been discussed along with their use
to develop colorimetric assays. The achieved progress has prepared the ground for the
integration of the hybrid plasmonic metal nanoparticles/2D nanomaterials in the next-
generation diagnostic tools so that the issues related to the development of PoC devices
have been critically discussed, considering the limitations and challenges that must be
overcome for their full implementation with the aim of helping the development of more
advanced sensing devices.
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