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Abstract

:

This review provides an up-to-date overview on silver nanoparticles-based materials suitable as optical sensors for water pollutants. The topic is really hot considering the implications for human health and environment due to water pollutants. In fact, the pollutants present in the water disturb the spontaneity of life-related mechanisms, such as the synthesis of cellular constituents and the transport of nutrients into cells, and this causes long / short-term diseases. For this reason, research continuously tends to develop always innovative, selective and efficient processes / technologies to remove pollutants from water. In this paper we will report on the silver nanoparticles synthesis, paying attention to the stabilizers and mostly used ligands, to the characterizations, to the properties and applications as colorimetric sensors for water pollutants. As water pollutants our attention will be focused on several heavy metals ions, such as Hg(II), Ni(II),Cu(II), Fe(III), Mn(II), Cr(III/V) Co(II) Cd(II), Pb(II), due to their dangerous effects on human health. In addition, several systems based on silver nanoparticles employed as pesticides colorimetric sensors in water will be also discussed. All of this with the aim to provide to readers a guide about recent advanced silver nanomaterials, used as colorimetric sensors in water.
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1. Introduction


In the last ten years nanotechnology has enabled the enhancement of low dimensional materials properties proponing their use in several application fields, such as sensors [1,2,3,4,5,6,7,8,9,10,11,12], optics [13,14,15,16,17,18,19,20,21,22], energy [23,24,25,26], catalysis [27,28] and biotechnology [29,30,31,32,33,34]. Among others the noble metal nanomaterials were developed by bottom up approach with various morphologies such as spheres, cubes, stars, flowers and wires, showing significant chemical-physical properties that allow to unique interactions with the environment [35,36,37,38,39,40,41,42]. Researchers are amazed by the possibility to produce gold and silver nanoparticles with specific morphology and surface functionalization, leading to new properties [43,44,45]. Moreover, advanced characterization methods allow one to study their capability to respond to changes in pH, redox potentials, temperature, light and magnetic fields [46,47,48,49,50,51].



This represents a remarkable opportunity for their use in environmental monitoring applications, especially for silver nanoparticles (AgNPs), that are very easy to prepare, versatile and cheap materials [52,53]. Moreover, advances in the ligand chemistry of metal nanoparticles has opened up new opportunities to fabricate colorimetric sensors to assay various chemical and biomolecular species with good selectivity and sensitivity, which can thus be identified by visual readouts [54,55,56]. The colorimetric sensing applications of noble metal nanoparticles rely on a quantitative coupling between metal nanoparticles, resulting a dramatic change in the photonic properties via aggregation mechanisms, which leads changes in color from yellow to red in the case of AgNPs. For these reasons, the AgNPs have been considered promising visual readout sensors for the identification of various target analytes [57,58]. Importantly, AgNPs exhibit very high extinction coefficients, and the plasmonic band of AgNPs can be changed based on the size and distance, which makes them promising naked eye-distinguishable readout sensors [55,59]. In recent years, attention has also been paid to the environmental impact of engineered nanomaterials (ENMs) and several studies have been devoted to examine the toxicity of AgNPs in aqueous environments [60,61]. The toxicity mechanisms are still a subject of debate, but the size and coating surface appear to be the main toxicity factors [62,63]. The literature suggests that the toxicity of AgNPs is partially related to their dissolution and release of Ag+ ions, although it is difficult to estimate the relative contributions of these phenomena. The toxicity also varies depending on the exposure concentrations and the maximum toxicity levels vary greatly from one taxon to another and are highly dependent on the overall biological community present in the environment [64,65,66].



In this broad ENMs scenario, this review tries to provide an up-to-date overview on silver nanoparticle-based materials, their synthesis, paying special attention to the stabilizers and most used ligands, characterization, properties and applications as colorimetric sensors for water pollutants.



There has been an explosion of scientific interest in AgNPs for sensing, as evidenced by the exponential growth in peer reviewed journal publications as shown in Figure 1a,b. Figure 1a depicts the number of peer reviewed journal articles published each year found using the keyword “silver nanoparticles as colorimetric sensor” as listed on Scopus over the last 10 years (2009–2019). Moreover, the interdisciplinarity of this research field is clearly highlighted (Figure 1b).



The authors’ choice was not to treat the aspects and applications of silver particles concerning their antibacterial properties, but rather the synthesis, characterization and main optical properties in the visible range of silver nanoparticles suitable for water pollutant monitoring and treatment, are presented, as schematized in Figure 2. The advantages and strategies of the recent silver-based materials, used for heavy metal and pesticides detection and water treatments, are examined, taking into account their dimensions, functionalization, selectivity and low detection limits (LODs). In fact, it is often enough to vary just a few experimental parameters to obtain systems with different selectivity and sensitivity. This is also demonstrated by the different reviews that have appeared in recent years and that often discuss how the same analyte can be simply monitored with systems based on different silver nanoparticles. All this, if on one side is an advantage, linked to the high versatility of the chemical synthesis, on the other it can be confusing. Starting from these assumptions, our work examines the recent literature on silver nanoparticles used as colorimetric detection materials for main water pollutants, to provide readers with a clear unique and updated guide.




2. Synthesis of AgNPs Used for Water Protection Applications


The development of nanotechnology offers great opportunities to choose appropriate nanoparticle morphologies, sizes and functionalization, that allow one to improve the performance in a specific application field. For the sensor industry this is translated into the optimization of nanomaterial shape and functionalization, to improve sensor sensitivity, selectivity, reusability, ecosafety, and easy and cheap production [31,59,67,68,69]. The stake is the presence of different forms of functionalization on a single nanomaterial, with reproducible morphology, size and functionalities, with the aim to obtain ENMs, i.e., a single entity capable to carry out multiple actions. Many silver-based nanomaterials have been developed for environmental sensing applications, due their unique chemical-physical properties. In fact, they have easy modifiable morphology/size/surface, modulable optical absorption and scattering and wide surface area to volume ratio (S/V), suitable for an effective interaction with the environment. The surface properties of these materials are also the main component of their targeting characteristics: when the nanoparticles come into direct contact with surface of analyte, this can determine changes in some properties of the nanomaterial, such as in the local surface plasmon resonance (LSPR) and very often even in the color. LSPR is due to the interactions of electrons on the surface of noble metal nanoparticles with electromagnetic radiation: in this way silver nanoparticles produce strong extinction and scattering spectra, at around 400 nm in visible range of spectrum.



With regard to the functionalities it can be noted that acid and amino functionalities are often used also because they can facilitate the phenomena of aggregation/disaggregation when the pH of the tested solution changes. These phenomena can also be exploited to trap pollutants and remove them from water and later regenerate the original system by releasing pollutants in a controlled environment for displacement. The syntheses that use biomaterials or vegetal extracts as stabilizing and/or reducing agents deserve special mention. In this field, in the last ten years many new materials have been developed [55,70,71,72].



Many methods for synthesizing AgNPs by chemical, physical and biological processes, using both bottom up and top down approaches have been investigated [32,73,74,75]. A well-known chemical method for synthesizing AgNPs by a bottom up approach is wet reduction in the presence of capping agents. Capped AgNPs are prepared by using a water solution of silver nitrate as silver precursor, a ligand molecule and a suitable reducing agent such as sodium borohydride.



Many approaches are used to functionalize the metal surface, as schematized in Figure 3a: (a) the ligand exchange strategy; (b) stabilization during the synthesis with a ligand with sulfur or nitrogen; (c) stabilization during the synthesis with two or more ligands; (d) stabilization during the synthesis with ligands with more functional groups [35,47,76,77,78]. The first approach, ligand exchange, is the simplest and most economic way to functionalize the silver surface. On the other hand, this functionalization method often displays poor control and reproducibility, because it is based on an equilibrium reaction associated with the Nernst distribution and depends on several parameters, such as the repeated exchange reactions with a large ligand excess, the diameter of the silver nanoparticles, and ligand steric hindrance. The presence of ligands during the synthesis allows for strict control of the surface coverage and guarantees the reproducibility, even if sometimes at the expense of the yield. Moreover, the presence of more ligand or more functional groups can be useful for post-synthesis engineering strategies. Indeed, some functionalities remain towards the outside of the particle and have a great ability to create a network between particles and interact with the external environment. Commonly, hydrophilic functionalities such as acid, amine, ester, alcohol are mostly preferred (Figure 3b).



The morphology plays a key role, especially for the possibility of having materials with different symmetries (spheres, AgNPs, cubes AgNCs) [79,80,81,82,83,84,85,86,87] or without defined and reproducible symmetry (stars, AgNSs, flower, AgNFs, wires, AgNWs) [69,88,89,90,91,92,93,94]. TEM images of silver nanoparticles of different geometries and shape are presented in Figure 4. The nanospheres, highly symmetrical particles, are the most studied because of their monodispersity and synthetic reproducibility, that assure the repeatability of experiments and results. Spherical AgNPs and their composites have a widely application range, mostly in biotechnology and sensors [79,80,81,85,95,96]. The AgNPs show a typical localized surface plasmon resonance (LSPR) whereby the electrons on the AgNPs surface interact with electromagnetic radiation, generating LSPR and producing extinction and scattering spectra, with absorption bands in the 370–470 nm range. Moreover, the opportune choice of surface functionalization and the presence of chemical or biological analytes can stimulate the aggregation-disaggregation phenomena, associated with LSPR band changes. Also, hollow spherical silver nanoparticles have an important role in biotechnological applications due to their role as fillers or rheological modifiers and easy synthesis [97]. In fact, the void space in hollow structures can be efficaciously used to capture specific molecules, and so their impact can be assessed in terms of density, volume fraction and dimension. On the other hand, the void area has been used to tune the refractive index, increase the active region for catalysis, and advance the ability to tolerate cyclic volume modifications.



AgNCs have great anisotropy, improving signals based on the local field enhancement at the tips and corners. Despite many efforts in the design of new AgNCs, fine regulation is still necessary regarding their monodispersity and synthesis reproducibility as variations of the experimental parameters, such as the precursor concentrations, mixing conditions, temperature and reaction time, can lead to different results (see Table 1).



The AgNSs can be synthetized by two main procedures, namely seed-mediated and one-pot methods: the first way is the most used and involves the cetyltrimethyl ammonium bromide (CTAB) and polyvinylpyrrolidone (PVP), the second way uses zwitterionic surfactants, easier to remove than CTAB. The AgNSs have SPR tunability from 600 to 950 nm, like AgNFs.



The silver nanowires have anisotropic shape, inducing two plasmon bands: a transverse plasmon band, corresponding to an electron oscillation along the short axis of the rod, and a longitudinal plasmon band. This allows them to cover a vast spectroscopic range and is widely used in biotechnology.



The stability of the nanoparticles is highly influenced by their morphology, but above all by their functionalization. It is also good to clarify the concept of stability. The term “nanoparticle stability” is widely used to describe the preservation of a particular nanostructure property ranging from aggregation, composition, crystallinity, shape, size, and surface chemistry. As a result, this catch-all term has various meanings, which depend on the specific nanoparticle property of interest and/or application. Many and different functionalizations can be introduced on surface of the silver nanomaterials, inducing stability or not. The most used functionalizations can be amines, thiols, sulfonates, alcohols, esters, and acids. In Table 1 common functionalities usually used for several morphologies are reported, highlighting the importance of surface chemistry in silver nanomaterials for environmental and water protection.



In many of the examples listed in Table 1, the functionalization plays a key role in that it guides the aggregation/disaggregation mechanisms of AgNPs in the presence of specific analytes. The interaction between the functional groups exposed to the outside of the AgNPs can allow their approach to the analyte which, coordinating with several AgNPs, actually brings them together and aggregates them, or simply the surface functionalization induced by the ligand stabilizes the surface of the particles only in some areas, leaving others uncovered, ready to interact with analytes and, again, favoring the aggregation of AgNPs. These aggregation/disaggregation mechanisms cause alterations of the SPR band, both in terms of intensity and λmax. From the variations of the SPR it is possible to trace the concentration of the analyte. The color change of the system, as well as the red shift/blue shift of the SPR peak, are typical features of these mechanisms. The disaggregation effect of the analyte can also be used for analyte detection and, in this case, the absorbance ratio between two specific shoulders is used for measurable calibration purposes. It is important to note that in some cases the change in color is due to a shape change and not at an aggregation mechanism. The advantages of this “colorimetric approach” are many, i.e., simplicity, low cost, portability, and they will be specifically addressed in the next paragraphs.




3. Optical Sensing Properties


Micro- and nanomaterials, such as metal nanoparticles, are characterized by different chemical and physical properties with respect to the same bulk material. These characteristics are related to the surface area to volume ratio (S/V). Bulk materials are characterized by a low S/V ratio, since the surface atoms are only z few in number compared to the entire number of atoms present in the volume. In this case, the surface contribution can be considered negligible. By decreasing the size of the materials the value S/V increases and the contribution of the surface becomes more and more important than the volume one. Thus, in micro- or nanomaterials the surface atoms or molecules play a fundamental role and the properties are mainly affected by surface moieties. Among the many chemical and physical features, the optical ones are very interesting, and they are often exploited for the fast measuring techniques and the easy interpretation of the data. When the light interacts with a micro/nano system many processes occur, such us reflection, transmission, light scattering, absorption and fluorescence. One or more of these properties can therefore be exploited not only for the bare characterization of the samples, but also for practical applications in many fields of science, engineering or in industrial processes. For example, silver nanoparticles are characterized by specific absorption or fluorescence bands with characteristic intensity, maximum and full width at half maximum (FWHM), but when the system is altered by means of a change of the external medium or by the introduction of contaminants, the features of the bands are modified. This type of sensitivity to the external environment could be used in the field of optical sensing to monitor the presence of pollutants. For example, those based on colloidal solutions of metal nanoparticles. In this case, when a light beam impinges on the colloidal solution the phenomenon of localized surface plasmon resonance (LSPR) occurs. A plasmon is a collective oscillation of the free electrons in a noble metal. These plasmon oscillations can be considered as mechanical ones for the electron gas of a metal and the presence of an external electric field causes displacements of the electron gas with respect to the fixed ionic cores. For bulk plasmons, these oscillations occur at the plasma frequency and have a certain energy:


   E p  = ћ     n  e 2    m  ε 0       



(1)




where ε0 is the permittivity of free space, n is the electron density, e is the electron charge and m is the electron mass [103]. At the surface of a bulk metal, the surface plasmons are optically excited, and light can be coupled into standing or propagating surface plasmon modes through a grating or a defect in the metal surface. Because it is the oscillating electric field of the incoming plane wave that excites surface plasmons, light with a high angle of incidence (that is, with wave vector k nearly parallel to the surface) couples most efficiently. When a surface plasmon is confined to a particle of a size comparable to the wavelength of light, that is, a nanoparticle, the particle’s free electrons participate in the collective oscillation, and it is termed a localized surface plasmon (LSP). The LSP has two important effects: first, electric fields near the particle surface are greatly enhanced, this enhancement being greatest at the surface and rapidly falling off with distance and second, the particle optical extinction has a maximum at the plasmon resonant frequency, which occurs at visible wavelengths for noble metal nanoparticles. To understand in depth how this localized surface plasmon resonance (LSPR) arises, we must turn to scattering theory [104].



The first description of optical behavior is due to Gustav Mie in the early 20th century, that developed an analytical solution to Maxwell’s equations that describes the scattering and absorption of light by spherical particles with small dimension (d « λ). Mie’s approach depends mainly on the size of nanoparticles (about 10 nm), refractive index of medium where the MNPs are dispersed and is strictly applicable only to spherical particles [105]. A step forward has been made by Gans who generalized Mie’s result to spheroidal particles of any aspect ratio in the small particle approximation. Here, the anisotropic behavior due to the spheroidal shape is taken in account, to predict the optical properties of MNPs [106]. For different shapes than the previous ones, it is possible to obtain the optical behavior only in numerical ways, using various approximations such as finite difference time domain (FDTD), discrete dipole approximation (DDA), and finite element method (FEM) [107]. Summarizing, absorption spectrum of MNPs depends on the type of metal, shape, dimension and the refractive index of the medium [108]. Figure 5A shows the change of color of silver colloidal solution depending on size and shape of silver nanoparticles and Figure 5B the related optical absorption spectra [109]. In Figure 5C the morphological aspects of the silver nanoparticles obtained by TEM characterization are reported together with fluorescence microscope images of the nanosystems.



The plasmonic band can be used as a useful tool for an optical sensor. Monitoring the peak position, the FWHM and the relative shape, it is possible to reveal the presence of specific analytes. The changes of these features are connected to the mechanisms of interaction between the MNPs and the contaminants and depend on case by case. Some general aspects are reported in this section. In several cases, we observe a shift of the LSPR band to lower energy with a broadening at the same time and sometimes, also a color change of colloidal solution can be appreciated. Indeed, the electrostatic stabilization of MNPs guaranteed by capping agents is eliminated by the presence of the contaminant, that interacts with the ends of the capping agents [110,111]. When MNPs interact with contaminants the particles can form aggregates having various sizes, thus a multi-dimensional dispersion is obtained and consequently the LSPR band will experience broadening. Some optical detectors are just based on this mechanism. A representative scheme of this type of process is shown in Figure 6, where the optical behavior as function of Ni(II) content (a) is presented together with TEM images of silver nanoparticles in absence (b) and in presence (c) of 1.0 ppm Ni(II) contaminant [112].



In other cases, the optical behavior is the opposite, thus the LSPR band suffers a shift to the shorter wavelengths or in some cases, there is also a decrease of the band intensity. Several cases where this phenomenon occurs are reported in the literature [113,114,115]. The reasons for this blue shift depend on the chemical structure of the sensor and on the type of analyte. For example, in the field of heavy metal ions monitoring, the case of Hg (II) contamination is representative of this behavior. Indeed, Hg (II) ions can interact with the surface of silver nanoparticles with the help of thiol capping agents, modifying the shape of the particles as reported by Chen et al. [116] and shown in Figure 7a: The label 1 represents the colloidal solution of silver nanoprisms, 2 the system with 700 nM Hg (II) and 3 the system with a 1500 nM concentration of Hg (II). In Figure 7b the change of the curve shape in the presence of Hg (II) are shown.



In other cases, the Hg (II) ions produce the formation of a nano-alloy, due to a redox reaction involving Ag (0) and Hg (II) which modifies the plasmonic properties and as a consequence the optical absorption features [117,118,119].




4. Main Water Pollutants Detected by AgNPs


Environmental protection and monitoring of water quality are important issues since water contamination represents a high human health risk. Many recent studies have reported a possible use of metal nanoparticles in liquid solutions as optical sensors for water contaminants such as heavy metal ions and pesticides [120,121]. In this paragraph we report some of these studies, even if their amount is so large that is difficult to provide a complete and exhaustive overview.



Determination of specific water contaminants can be performed in many ways such as inductively coupled plasma mass spectrometry (ICP-MS), high performance liquid chromatography (HPLC), atomic fluorescence spectroscopy (AFS), flame atomic absorption spectroscopy (FAAS), etc. However, the most of them involve time consuming preparation of the samples, sophisticated and expensive instruments and highly trained personnel to perform the measurements. All these drawbacks have pushed the research in recent years towards innovative sensors based on simple and cost effective procedures. In this framework, colorimetric sensors of water pollutants are one of the best choices since the necessary equipment to estimate the contaminant concentration is very simple and economic and in addition, such sensors for the determination of contaminants are usually fast and allow on-site detection since they do not require heavy, bulky and sophisticated instruments. Many colorimetric sensors based on silver nanoparticles have been studied and developed in the last years. The main differences are related to the stabilizing agents employed. Such capping agents increase the protection of the nanoparticle core and at the same time give to the NPs the suitable functionalization to interact selectively with specific water contaminants.



In general, the working principle of silver NPs colorimetric optical sensors is based on a change of the optical absorption when they are in contact with specific analytes. The gradual change of the optical property as a function of the contaminant amount can be exploited to synthesize an effective optical sensor. The sensitivity of these type of optical sensors relies on the type of functional moiety responsible for bringing change in the vicinity of silver NPs, which as a consequence changes the observed SPR intensity, energy and band shape, enabling adequate quantification of target molecules.



4.1. Mercury


Several heavy metal ions are highly dangerous for the environment and human beings. One of the most lethal is Hg and many recent works have been published in this field. One example is an ultra-sensitive colorimetric detection of Hg(II) based on silver nanoparticles functionalized with mercaptobenzo heterocyclic compounds (mercaptobenzooxazole (MBO), mercaptobenzoimidazole (MBI) and mercaptobenzothiazole (MBT)) that has been recently reported [122]. The authors suggest that the sensor mechanism of these systems is based on a redox reaction involving Ag(0) and Hg(II) that leads to the formation of Ag–Hg nanoalloys and consequent color changes of the solution which confirms the presence of Hg(II) in water. These nanoparticles present a LOD of 1.8 ppt (9.2 pM), 9.2 ppt (46 pM) and 18.4 ppt (92 pM) for MBO, MBI and MBT, respectively.



An interesting and rapid colorimetric sensing method for the detection of Hg (II) was developed based on the morphology transition of Ag nanoprisms at room temperature. In particular, the presence of Hg (II) induces a deprotection and a change of the morphology of 1-dodecanethiol (C12H25SH)-capped silver nanoprisms. During the interaction process, the silver atoms are consumed producing a change in the particle morphology that results in a change of the color and UV-Vis absorption spectra of the colloidal solution. This sensor shows a good selectivity for Hg(II) in the concentration range 10–500 nM, the surface plasma resonance spectral band of the silver nanoprisms emerged as a blue shift and exhibited a good linear relationship, and the limit of detection was 3.3 nM [116].



In some cases, another optical property, namely fluorescence, can also be exploited for sensing applications. An example is the case of a Hg(II) sensor for neutral water that has been developed using riboflavin-stabilized Ag nanoparticles via a turn off–turn on mechanism [123]. The working principles of this system can be summarized as follows: Upon the formation of riboflavin-stabilized AgNPs the color of the solution becomes deep orange, but on addition of trace amounts of Hg (II) the color reverts back to yellow. The photoluminescence property of riboflavin is quenched by the formation of Ag nanoparticles but on addition of low concentrations of Hg (II) the PL intensity of the solution is enhanced up to nine times. Both the color and photoluminescence properties of the riboflavin solution are used as sensitizing tools showing a sensitivity up to 5 nM Hg (II) concentration, the sensor is quite fast (sensing time is around one minute) and selective between 11 ions and the color change can be easily appreciated, even by the naked eye.



Another example is fluorescein-functionalized AgNPs that have been synthesized as colorimetric probes for the detection of mercury ions by 1D-chain formation. Changes in the SPR bands as well as colors due to the network of 1D assemblies of NPs were observed. The chelation interaction of the Hg (II) ions with the carboxylate groups on the surface of the systems is responsible for the selective formation of chains between the NPs modulated for the Hg (II) metal ions [124].



Other systems based on different functionalizations of silver nanoparticles for Hg (II) ion detection have been developed in the last years. To cite only some of them: 2-aminopyrimidine-4,6-diol [115], bifunctionalized with citrate and L-cysteine [79], starch-coated NPs in presence of HNO3 [125], gelatin funcionalized [126] and leaf extract of Dahlia pinnata [71].




4.2. Nickel


A similar mechanism to the one presented in [116] for Hg (II), has been used also for Ni (II) detection. In this case, triangular silver nanoprisms were synthesized by a modified seed-mediated growth method, and upon addition of Ni (II) ions these triangular nanostructures showed a significant colorimetric change from blue to yellow as a function of the Ni (II) ion concentration. Ni (II) ions serve as a catalyst for the generation of H2O2 in a citrate-capped triangular silver nanoprisms colloidal solution. The oxidative etching with H2O2 formed in the colloidal solution sculptured the sharp corners/edges of the prisms to produce circular Ag nanodisk. The sensor showed a high linearity for Ni (II) concentration in the range of 0 to 30 μM with a limit of detection of 21.6 nM in aqueous solution [127]. The color change of the solution in presence of different amount of Ni (II) is impressive as shown in Figure 8A. The sensing mechanism is shown in Figure 8D: the triangular Ag nanoprism colloidal solution including O2 and H2O generates H2O2 upon addition of Ni (II). Oxidative etching of the sharp corners/edges of the triangular AgNPrs by H2O2 leads to the formation of Ag circular nanodiscs and occurs with a significant colorimetric change.



Other colorimetric sensors for Ni (II) are for example, the one based on glutathione-stabilized silver nanoparticles [128]. In this case, the synthesized nanoparticles are yellow in color due to the intense surface plasmon absorption band, while in the presence of Ni (II), the initial color turns to a deep orange accompanying the broadening and red shifting of SPR band. The selectivity of this system was tested with good result and the LOD was 7.5×10−5 mol/L.



Another type of sensor is the one based on a dual-ligand strategy. In this case adenosine monophosphate and sodium dodecyl sulfonate were both used as ligands to modify AgNPs. The presence of Ni (II) induces the aggregation of the NPs through cooperative electrostatic interaction and metal–ligand interaction, resulting in a color change from bright yellow to orange. Such a sensor works in the concentration range of 4.0 to 60 μM and has a detection limit of 0.60 μM [129].



Also, functionalization of AgNPs with a hydrophilic thiol (3-mercapto-1-propanesulfonic acid sodium salt, 3MPS) was recently reported. The change of the SPR band in the UV-Vis range as a function of the Ni (II) concentration results in a color change of the solution. The working range was 0.1–1.0 ppm with a limit of detection of 0.3 ppm [96].




4.3. Copper


Copper is another dangerous ion that can contaminate water and functionalized silver NPs can effectively help in the detection of this contaminant. For example, recently the detection of Cu (II) ions based on coordination reactions of copper ions with casein peptide-functionalized silver nanoparticles has been reported. This system leads to a distinct color change of the solution from yellow to red. Such a system has a good detection limit of about 0.16 μM with a high linearity in the 0.08–1.44 μM concentration range [130].



A simple and green method for preparing uniform silver NPs exploiting self-polymerized 3,4-dihydroxy-L-phenylalanine as the reducing and stabilizing agent in aqueous media has been recently reported [131]. The functionalized silver NPs showed selectivity for Pb (II) and Cu (II) detection, as reported in Figure 9, with LOD for the two ions as low as 9.4 × 10−5 and 8.1 × 10−5 M, respectively. The sensing mechanism is based on the aggregation of functionalized AgNPs in presence of Pb (II) and Cu (II) as reported by the authors with TEM images. Therefore, the change in the solution color and the observed intensity ratio in Figure 9C are associated with the aggregation behavior of the AgNPs.



Another green synthesized Cu (II) colorimetric sensor based on riboflavin-stabilized silver nanoparticles is the one based on AgNPs prepared from Cucumis melo juice by a green chemistry approach [99]. The system showed an intense absorption band at 404 nm and its intensity depends on the presence of Cu (II) in solution. The selectivity for Cu (II) was excellent and a linear detection range from 5 nM to 100 nM with a detection limit of 1.12 nM was found.




4.4. Iron


Silver NPs can also be used for colorimetric determination of Fe (III) ions as recently reported by some authors. The first example is based on chitosan-capped silver nanoparticles [113]. Such functionalized NPs exhibit a strong surface plasmon resonance band which disappears in the presence of increasing concentrations of Fe (III) ions. The system showed a visually detectable color change from brownish-yellow to colorless for the selective determination of Fe (III). The distinct color change can be detected by the naked eye. The method showed good selectivity for Fe (III) with the lowest detection concentration of 0.53 μm and the system was successfully applied for the determination of Fe (III) in real samples.



Another example is based on N-acetyl-L-cysteine-stabilized AgNPs. The synthesized nanoparticles show a strong SPR around 400 nm and the intensity decreases with the increasing of Fe (III) concentration. Based on the linear relationship between SPR intensity and concentration of Fe(III) ions, such system can be used for the sensitive and selective detection of Fe (III) ions in water with a linear range from 80 nM to 80 mM and a detection limit of 80 nM [132].



Moreover, starch-coated silver nanoparticles have a SPR band at 408 nm, and are able to detect the presence of Fe (III) and discriminate it from Fe (II). This sensor has a very good sensitivity and a linear response over the range of 0.7–7 mg/L. Furthermore, the detection limit of this smart sensing system is found to be 0.1 mg/L [133].




4.5. Manganese


Mn (II) is another environmentally toxic metal ions. Recently, a green method for the synthesis of L-tyrosine-stabilized silver NPs in aqueous medium under ambient sunlight irradiation was reported [70]. The synthesized Ag NPs are found to be highly sensitive to Hg (II) and Mn (II) ions with the detection limit for both ions as low as 16 nM. Another system is based on alginate-stabilized silver nanoparticles which act as a label-free colorimetric sensor for quantification of Mn (II) metal ions with excellent selectivity and sensitivity and detection in aqueous solution in the range of 1–10 µM. In this case, the binding forces between functionalized AgNPs and Mn (II) ions bring the silver nanoparticles closer, decreasing the interparticle distance and causing slight agglomeration, with a color change from pale yellow to brownish yellow [134].




4.6. Chromium


Chromium is a transition metal with oxidation states ranging from +III and +VI naturally present in rocks, soils, sediments and plants. Among Cr (VI) and Cr (III), the first one is more toxic due to its high solubility and mobility in biological systems. In particular, Cr (VI) is considered to be a severe environmental pollutant due to its highly carcinogenic properties. Colorimetric sensor for the determination of chromium in real water, industrial waste water and vegetable (cauliflower, tomato, spinach, green beans and cabbage) samples was recently reported [135]. Silver nanoparticles were capped with tartaric acid. The plasmon colorimetric sensing of chromium (III and VI) was performed by measuring the change in the SPR band in the UV-visible region of the spectra. The mechanism of the change in the SPR band is related to the aggregation of NPs induced by the coordination complex between chromium ions and tartaric acid present on the surface of NPs. The calibration curve gave a high level of linearity in the range of 5–100 μg/L for Cr (III) and 10–100 μg/L for Cr (VI), respectively. The limits of detection for Cr (III) and Cr (VI) were found to be 2 μg/L and 3 μg/L.



An alternative colorimetric optical sensors based on AgNPs for the detection of hexavalent chromium and ammonia using bio-fabrication in a single step Durenta erecta fruit extract synthesis was recently reported [136]. In this case the kinetic shift of the maximum absorption band and change in color for both Cr (VI) and ammonia was found to be extremely fast (few seconds). Such a colorimetric sensor shows a high sensitivity and a detection limit up to 0.1 ppm.




4.7. Cobalt


Cobalt is beneficial for humans because it is a part of vitamin B12, which is essential for human health, however too high concentrations of cobalt may be dangerous. Recently, silver nanoparticles capped with 3-mercapto-1propanesulfonic acid sodium salt able to detect Ni (II) or Co (II) in water solution, have been reported. This system is based on the change of the intensity and shape of optical absorption peak due to the surface plasmon resonance when the capped NPs are in presence of metals ions in a water solution. Sensitivity to Ni (II) and Co (II) up to 500 parts per billion (ppb) was found and for a concentration of 1 part per million (ppm), the change in the optical absorption is strong enough to produce a colorimetric effect visible with naked eye. The mechanism responsible for the AgNPs interaction with Ni (II) and Co (II) (in the range of 0.5–2.0 ppm) looks like based on the coordination compounds formation [112].



Glutathione-AgNPs with spherical shape shows a high sensitivity for all of the metal ions (Ni (II), Co (II), Cd (II), Pb (II), and As (III)) but poor selective recognition for target metal ions. Whereas, solution containing rod-type AgNPs has a special response to Co (II), and its selective detection might be based on the cooperative effect of cetyltriammonium bromide and glutathione. Therefore, Co(II) ions could be selectively recognized using rod-type glutathione based AgNPs [137].



A colorimetric assay has been developed for facile, rapid and sensitive detection of Co (II) using dopamine dithiocarbamate (DDTC) functionalized silver nanoparticles. The presence of Co (II) induces the aggregation of AgNPs through coordinate covalent bonds between the catechol groups of DDTC on the surface of AgNPs and cobalt ions, resulting in a color change from bright yellow to reddish. The analytical response is linear in the range from 1.0 to 15 mM with a detection limit of 14 µM [138].




4.8. Cadmium


Cadmium, a non-essential element for life, is widely used in fertilizers, pesticides, batteries, pigments and coating of steel and various alloys, resulting in the widespread contamination of air, soil, and water. Moreover, cadmium has been recognized as a highly toxic heavy metal ion and is listed by the US Environmental Protection Agency, Disease Registry, and Agency for Toxic Substances as one of the superior pollutants. It accumulates in the human body with a long biological half-life of two to three decades. As a consequence of the food chain system, cadmium exposure can cause many diseases.



Functionalized AgNPs demonstrated to be good systems also for the Cd (II) ions detection. For example, a colorimetric assay has been developed for facile, rapid, and sensitive detection of Cd (II) using 1- amino-2-naphthol-4-sulfonic acid functionalized silver nanoparticles. The presence of Cd (II) induces the aggregation of the NPs through cooperative metal–ligand interaction. As a result, the characteristic surface plasmon resonance peak at 390 nm was red shifted to 580 nm, yielding a color change from bright yellow to reddish-brown. A good linear relationship was obtained in the range of 1.0–10 μM with a detection limit of 87 nM [139].



An alternative method for the Cd (II) detection is the one based on the change of the fluorescence of silver NPs [140]. Octamethoxyresorcin arene tetrahydrazide-reduced and stabilized silver nanoparticles were synthesized via a simple one-pot method. The fluorescence intensity of the system was inversely proportional to the cadmium concentration. Using such a selective and sensitive fluorescent probe, cadmium can be detected at a minimum concentration level of 10−8 M in a facile way of fluorescence quenching (‘‘turn off’’ mechanism). This method has been successfully applied for determination of Cd (II) ions in groundwater and industrial wastewater samples.



Another example of colorimetric determination of Cd (II) by using silver nanoparticles has been reported by Dong et al. [141]. They capped AgNPs with chalcone carboxylic acid as an optical indicator probe. The addition of Cd (II) ions causes particle aggregation and this is accompanied by a color change from yellow to orange. This assay enables selective detection of Cd (II), while other metal ions do not significantly interfere. The visually detectable limit of detection is 0.23 μM, and the instrumental detection limit is 0.13 μM. A linear relationship, for Cd (II) concentration was obtained in the range 0.227 to 3.18 μM.




4.9. Lead


Lead ions are highly toxic heavy-metal ions that can cause serious environmental and health problems and are ubiquitous in industry. Extensive studies have indicated that humans, especially children, can suffer permanent neurological damage and behavioral dysfunction when exhibiting even low blood levels of lead.



A simple and sensitive colorimetric method for the determination of Pb (II) ions in aqueous samples was developed using 1-(2-mercaptoethyl)-1,3,5-triazinane-2,4,6-trione-functionalized silver NPs. The Pb (II) ion acted as the metal center of the coordination complex, which formed N–Pb (II)–O coordination bonds with the AgNPs, shortening the interparticle distance and inducing NP aggregation. This aggregation resulted in a dramatic color change from yellow to dark blue. The selectivity and sensitivity were noticeably improved in the pH range of 7–8, at which a more obvious color change was observed. The sensor exhibited a linear correlation with Pb (II) ion concentrations within the linear range of 0.1–0.6 μg/mL, and the limits of detection in tap and pond water were 0.02 and 0.06 μg/mL, respectively [142].



Another approach is based on gluconate-functionalized silver nanoparticles. The functionalized NPs were found to be anionic and resulted to be a chemosensor probe for Pb (II). They bind selectively Pb (II) in aqueous solution over other metal ions). Binding results in aggregation of particles and leads to quenching of surface plasmon band intensity at 395 nm and subsequently appearing of a band at 524 nm. The phenomenon results color change of the solution. The developed system is simple and highly sensitive to detect Pb (II) ions colorimetrically with limit of detection of about 0.2 μM [143].




4.10. Pesticides


The term pesticide broadly covers a wide range of compounds including insecticides, fungicides, herbicides, rodenticides, molluscicides, nematicides, plant growth regulators and other chemicals. Despite their many benefits for the improvement of agriculture food production, they can cause short-term adverse health effects, called acute effects, as well as chronic adverse effects that can occur months or years after exposure. Examples of acute health effects include stinging eyes, rashes, blisters, blindness, nausea, dizziness, diarrhea and even death. For these reasons and, because they are largely diffuse in agriculture, it is important to be able to detect them even in very small amounts. Silver NPs systems with specific functionalization can be employed as pesticide colorimetric sensors. Some examples are the following.



A simple and highly sensitive chemiluminescent sensor array for the discrimination of organophosphate and carbamate pesticides was reported by He et al. [144]. The sensor array is based on simultaneous utilization of the triple-channel properties of the luminol-functionalized silver nanoparticle and a H2O2 chemiluminescent system. The triple-channel properties can be simultaneously altered after interaction with pesticides, producing distinct response patterns as “fingerprints” related to each specific pesticide, which was subjected to principal component analysis to generate a clustering map. Five organophosphate and carbamate pesticides, including dimethoate, dipterex, carbaryl, chlorpyrifos and carbofuran, have been well-distinguished at a concentration of 24 μg/mL. Twenty unknown pesticide samples have been successfully identified with an accuracy of 95%.



A novel and rapid method of analysis for organophosphorus pesticides was developed using dipterex as a typical example. Citrate-capped silver nanoparticles and acetylthiocholine were employed for the functionalization. The latter compound can be catalyzed by acetylcholinesterase to form thiocholine, which induces the aggregation of AgNPs. As a result, the color of AgNPs in solution changes from bright yellow to pink, and the UV–Vis characteristic absorption peak of AgNPs at about 400 nm decreases and simultaneously, a new absorption band appears at about 520 nm. The color change is reported in Figure 10. The optical response was found to be linearly related to the concentration of dipterex in the range of 0.25–37.5 ng/mL with a detection limit of 0.18 ng/mL [145]. Sensing mechanism is based on the aggregation of the NPs. In particular, TEM images (not reported here) indicated that the AgNPs are well-dispersed with a mean particle diameter of 16.9 nm. After addition of pesticide the TEM image indicated that a large number of AgNPs had aggregated and combined to form a net containing the AgNPs.



Rohit et al., developed a simple colorimetric method for on-site analysis of thiram and paraquat using cyclen dithiocarbamate-functionalized silver NPs as a colorimetric probe. The surface functionalized AgNPs are able to encapsulate thiram and paraquat selectively via ‘‘host–guest’’ chemistry, resulting in red-shift of the surface plasmon resonance peak and color change from yellow to pink for thiram and to orange for paraquat, which can be appreciated by the naked eye. The system shows good linearity in the range of 10.0–20.0 µM and of 50.0–250 µM with limits of detection 2.81 × 10−6 M and 7.21 × 10−6 M for thiram and paraquat, respectively [146].



A colorimetric method for the sensitive and selective detection of the fungicide carbendazim in water and food samples using 4-aminobenzenethiol-functionalized silver nanoparticles has been developed [147]. The system can bind carbendazim through strong ion-pairing and π-π interactions that causes to form a large conjugate network, resulting in a color change from yellow to orange. The sensor shows a linear behavior in the range of 10–100 µM, with a LOD of 1.04 µM. This colorimetric method has been successfully utilized to detect carbendazim in environmental water and food samples.



Another simple colorimetric assay was developed for the selective detection of glyphosate in water and food samples via the aggregation of 2-mercapto-5-nitrobenzimidazole (MNBZ) capped silver nanoparticles using Mg (II) ions as a tuner and trigger [148]. Initially, AgNPs were synthesized with sodium borohydrate as a reducing agent and capped with MNBZ which showed a yellow color. The addition of Mg (II) ions did not cause aggregation of MNBZ-Ag NPs, but the subsequent addition of glyphosate resulted a drastic decrease in interparticle distance through complex formation between MNBZ-AgNPs–Mg (II) ion and glyphosate, yielding a color change from yellow to orange-red. Sensitive and selective detection of glyphosate was achieved with a limit of detection of 17.1 nM. This system was successfully applied to detect glyphosate in water and food samples, demonstrating a good on-site monitoring of glyphosate in agriculture samples.



A sensor for determination of carbamate pesticides based on rhodamine B modified silver nanoparticle was recently reported by Luo et al. [149]. This system combines colorimetric with fluorescence. Carbamate pesticides can inhibit the activity of acetylcholinesterase, thus preventing the generation of thiocholine. On the other hand, thiocholine can transform the yellow silver NPs solutions to gray color and unquenches the fluorescence of rhodamine B simultaneously. Once the activity of acetylcholinesterase was inhibited by the pesticide, the color of the solution remains yellow and the fluorescence of rhodamine B remains quenched. The absorption and fluorescence spectra as a function of carbaryl concentration are reported in Figure 11. Carbaryl was detected in a concentration range from 0.1 to 8.0 ng/L with a detection limit of 0.023 ng/L. This simple method is suitable for determination of carbamate pesticides in complex samples, such as tomato, apple and river water.



A nanosensor based on highly stable AgNPs conjugated with polystyrene-block-poly(2-vinyl pyridine) copolymer demonstrated to be an efficient colorimetric sensor for thiocarbamate pesticide, cartap [150]. The system allowed for rapid and quantitative detection of cartap in concentration range of 0.036–0.36 µg/L with detection limit as low as 0.06 µg/L. The sensor efficiently detected cartap in presence of other interfering pesticides and demonstrated great potential for in situ detection of cartap in water and blood plasma.



A novel method for the detection of dimethoate based on the peroxidase-like activity of silver NPs-modified oxidized multiwalled carbon nanotubes (AgNPs/oxMWCNTs) has been developed [151]. The system showed excellent peroxidase-like catalytic activity in hydrogen peroxide-Amplex red (AR) system (AR is oxidized to resorufin, with the resorufin fluorescence at 584 nm being used to monitor the catalytic activity). After dimethoate was added to AgNPs/oxMWCNTs, the interaction between dimethoate and the AgNPs inhibited the catalytic activity of AgNPs/oxMWCNTs. The decrease in fluorescence was used for the detection of dimethoate in the range of 0.01–0.35 µg/mL with LOD of 0.003 µg/mL. This method exhibited good selectivity for the detection of dimethoate even in the presence of a high concentration of other pesticides.



A highly sensitive, rapid and low-cost colorimetric monitoring of malathion (an organophosphate insecticide) employing a basic hexapeptide, malathion specific aptamer (oligonucleotide) and silver nanoparticles as a nanoprobe has been reported by Bala et al. [152] Ag NPs are made to interact with the aptamer and peptide to give different optical responses depending upon the presence or absence of malathion. The nanoparticles remain yellow in color in the absence of malathion owing to the binding of aptamer with peptide. In the presence of malathion, the agglomeration of the particles occurs which turns the solution orange. The colorimetric sensor exhibited excellent selectivity and a limit of detection of 0.5 pM.



Another colorimetric sensor based on AgNPs capped with thioglycolic acid was recently developed for the detection of 6-benzylaminopurine (6-BAP) [153]. The sensor mechanism of the functionalized AgNPs is based on the binding of 6-BAP through hydrogen-bonding and π-π bonding that causes large conjugate clusters, resulting in a color change from yellow to reddish orange. A linear relationship for optical absorption for 6-BAP concentration was found in the range of 4–26 μM. The detection limit of 6-BAP was 0.2 μM, which is lower than the other analytical techniques.



A final example that we would like to report, is a colorimetric probe proposed for detection of prothioconazole based on aggregation of unmodified AgNPs [154]. A linear relationship between the concentration of prothioconazole and the absorbance ratio of A500/A395 was found over the range of 0.01 to 0.4 μg/mL with a quantification limit as low as 1.7 ng/mL. In addition, Ag NPs color change from yellow to pink-orange in presence of prothioconazole, indicates highly sensitive naked-eye colorimetric assay for quantifying prothioconazole in real applications. Figure 12 reports the optical absorption and the linear behavior of the system as a function of the contaminant concentration. The proposed approach was successfully used for the determination of prothioconazole in wheat flour and paddy water sample.



Table 2 and Table 3 present some of the results obtained in the last years in the field of colorimetric optical sensors based on AgNPs for heavy metal ions and pesticides.





5. Conclusions


Silver nanoparticles, thanks to the rapid development of technologies for their versatile chemical synthesis and their characteristics such as stability, tunable monolayers, functional flexibility and low cost, represent promising new optical sensing materials for water pollutants. Their different functionalities allow them to achieve a variety of objectives that can be modulated by tuning their size, shape, structure and optical properties. So far, different approaches have been studied, offering opportunities in water treatments and involving different optical features, all this with the aim of obtaining efficient, sensitive and selective sensors, so that they can also be used synergistically. Although many studies have been made using AgNPs as colorimetric sensors, the panorama is complex: as the parameters of size, shape and surface functionalization vary, the silver nanoparticles show different behaviors, selectivity and sensitivity. This however seems more an advantage than a limitation and pushes research to overcome the current limits of LOD and to experiment with new functionalizations, also towards emerging pollutants. In fact, new emerging types of water pollutants, such as hormones, represent new challenges of concern. To respond to these challenges, new nanomaterials must be designed. High expectations are placed on composite materials, where, for example, silver-based nanomaterials can be combined with other materials, for example polymers, or with bioactive molecules, such as enzymes or antibodies. Research fields are always in development. In this context, our review summarizes the recent literature about the synthesis and applications of functionalized silver nanoparticles used as colorimetric sensing materials for the main water pollutants, such as heavy metals and pesticides, to provide readers with a clear and updated guide to the subject.
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Figure 1. Data from Scopus.com in the last 10 years (2009–2019) for the keywords “silver nanoparticles as colorimetric sensors”: (a) Number of publications per year; (b) Subjects areas involved in this research field. 
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Figure 2. Main research fields on silver-based nanomaterials for water protection. 
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Figure 3. (a) Scheme of main methods for surface functionalization of silver surface; (b) main functional groups used for hydrophilic AgNPs. 
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Figure 4. TEM images of AgNPs TEM micrographs presenting AgNPs with different geometry and shapes: (a) spherical silver nanoparticles, (b) hollow spherical silver nanoparticles, (c) nanostars, (d) cubic silver nanoparticles, adapted from [97]; (e) silver nanorods adapted from [98] and (f) silver nanoflower adapted from [69]. 
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Figure 5. The change of color of colloidal solution depending on size and shape of silver nanoparticles in (A) and related optical absorption spectra (B); (C) The Figures (A–L) show the TEM images (a) related to the different shapes of Ag nanosystems and the NPs imaged under optical diffraction limit (b). The scale bars in (a) are 40 and 100 nm for (A–H) and (I–L), and 10 μm in (b), respectively. The scale bars in (b) represent the distances among NPs, but not the sizes of NPs [109]. 
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Figure 6. (a) Optical behaviour of AgNPs colloidal solution without (black line) and with different Ni(II) contaminations (colored lines); TEM images of (b) AgNPs and (c) the system contaminated by Ni(II) [112]. 
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Figure 7. (A) UV-Vis spectra of (1) silver nanoprisms, (2) with 700 nM of Hg (II) and (3) with 1500 nM of Hg (II). (B) TEM images of (1) AgNPs, (2) with 700 nM of Hg (II) and (3) with 1500 nM of Hg (II) [116]. 
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Figure 8. (A) Color change of the triangular silver nanoprisms upon addition of 10 different concentrations of Ni (II) (0.0 to 30.6 μM) at pH 8 and 15 °C; (B) UV-vis absorption spectra of the colloidal solutions as a function of Ni (II) concentration; (C) absorption ratios (A475/A750) from the UV–vis absorption spectra as a function of the Ni (II) ion concentration (0.0 to 30.6 μM). The inset shows the same absorption ratios but for lower concentrations of Ni (II); (D) The sensing mechanism of citrate-capped triangular AgNPrs for Ni(II) ions. (Reference. [127]). 
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Figure 9. (A) solutions of polymerized 3,4-dihydroxy-L-phenylalanine silver NPs in presence of different metal ions with concentration of 0.1 µM: in red the metal ions which induce color variation, i.e., Cu (II) and Pb (II); (B) UV-Vis absorption spectra of the colloidal solutions after mixing with 0.1 µM metal ion; (C) absorption ratio of the solutions with various metal ions (Reference [131]). 
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Figure 10. UV–vis absorption spectra of dispersed AgNPs (a), AgNPs with acetylthiocholine (b), AgNPs with acetylcholinesterase (c), AgNPs with acetylthiocholine and acetylcholinesterase (d), AgNPs with acetylthiocholine and acetylcholinesterase in presence of dipterex (e). Each of the samples was heated in a water bath at 37◦C for 15 min before analysis. Inset: corresponding photo images of the reaction solutions after equilibration at 37◦C for 15 min (Reference. [145]). 
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Figure 11. (a) Color change with decreasing concentrations of carbaryl from left to right (1–0.001 mg/L). (b and c) After addition of different concentration of carbaryl, a linear regression model was constructed. The UV–Vis and fluorescence methods were under the optimization condition (Reference. [149]). 
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Figure 12. AgNPs UV–vis spectra (A) and linear calibration curve (B) and color ladder for the colorimetric detection of prothioconazole with the common photograph of AgNPs solution (C) in presence of different concentrations of prothioconazole [154]. 
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Table 1. Main morphologies reported with dimension and surface functionalities.
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	Morphology
	Size (nm)
	Functionality
	Detected Analyte
	Ref.





	Nanospheres
	
	
	
	



	
	-
	Citrate/ascorbic acid
	Hg (II)
	[95]



	
	5–8
	Sodium 3-mercapto-1-propanesulfonate
	Co (II) Ni (II)
	[96]



	
	25
	Polyvinyl alcohol/dithizone
	Pb (II)
	[80]



	
	5–8
	Citrate/L-cysteine
	Hg (II)
	[79]



	
	70
	HO-NH2·HCl
	Malachite green
	[81]



	
	50–200
	Ascorbic acid
	Hg (II), S2−
	[85]



	
	20
	Riboflavin
	Cu (II)
	[99]



	
	8–10
	L-Tyrosine
	Mn (II)
	[70]



	
	5–20
	Carrageenan
	Cu (II), S2−
	[83]



	
	5–17
	Mercaptosuccinic acid
	As (III)
	[100]



	
	8
	Citrate
	Hg (II)
	[101]



	Nanocubes
	
	
	
	



	
	56
	Alginate
	Hg (II)
	[44]



	
	50
	Poly(vinyl pyrrolidone)
	Cysteine
	[45]



	
	45
	Poly(vinyl pyrrolidone)
	Hydrogen peroxide, hydrazine
	[53]



	
	150
	Poly(vinyl pyrrolidone)
	H2O2, H2N2
	[53]



	
	200
	Poly(vinyl pyrrolidone
	H2O2
	[84]



	Nanostars
	
	
	
	



	
	200–250
	Hydroxylamine
	Pesticides
	[89]



	
	250–400
	Citrate
	R6G
	[102]



	
	100
	Lauryl sulfobetaine
	Melamine
	[88]



	Nanoflowers
	
	
	
	



	
	10
	Hexamethylenetetramine
	NO
	[90]



	
	200
	Sodium citrate
	Permethrin
	[91]



	
	110
	Sodium dodecyl sulphate
	Polychlorinated biphenyls
	[92]



	Nanowires
	
	
	
	



	
	50–100
	Graphene oxide
	Glucose
	[93]



	
	10–300
	Fe3O4-MS
	Humidity
	[94]
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Table 2. List of AgNPs systems as optical sensors for heavy metal ion detection: size and sensing features.
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	MNPs System
	Size [nm]

(Technique)
	Response to
	Linear Range
	LOD
	Reference.





	AgNPs@MBO
	~20 (TEM)
	Hg (II)
	0–835 ppt
	9.2 pM
	[122]



	AgNPs@MBI
	~20 (TEM)
	Hg (II)
	0–2760 ppt
	46 pM
	[122]



	AgNPs@MBT
	~20 (TEM)
	Hg (II)
	0–3294 ppt
	92 pM
	[122]



	AgNPRs@ C12H25SH
	~15–20 (TEM)
	Hg (II)
	10–500 nM
	3.3 nM
	[116]



	AgNPs@2-aminopyrimidine-4,6-diol
	18 (TEM)
	Hg (II)
	10–50 µM
	0.35 µM
	[115]



	AgNPs@ citrate and L-cysteine
	5 ± 2 (TEM)
	Hg (II)
	1–7.5 ppm
	0.6 ppm
	[79]



	AgNPS@starch
	15.4 ± 3.9 (TEM)
	Hg (II)
	4.5–2500 nM
	4.5 nM
	[125]



	AgNPs@gelatin
	8.6 (TEM)
	Hg (II)
	1.25 pM–125 nM
	25 nM
	[126]



	AgNPs@Dahlia pinnata
	15 (TEM)
	Hg (II)
	0–120 µM
	-
	[71]



	AgNTs@Citrate
	40.3 (TEM)
	Ni (II)
	0–30 µM
	21.6 nM
	[127]



	AgNPs@GSH
	8.0 (TEM)
	Ni (II)
	1 µM–1 mM
	7.5 µM
	[128]



	AgNPs@ Adenosine monophosphate/sodium dodecyl sulfonate
	9.8 ± 3.5 (TEM)
	Ni (II)
	4–60 µM
	0.60 µM
	[129]



	AgNPs@3MPS
	5 ± 2 (DLS)
	Ni (II)
	0.1–1 ppm
	0.3 ppm
	[96]



	AgNPs@casein-peptide
	20 ± 2 (TEM)
	Cu (II)
	0.08–1.44 µM
	0.16 µM
	[130]



	AgNPs@3,4-dihydroxy-L-phenylalanine
	20 (TEM)
	Cu (II)
	65–125 µM
	94 µM
	[131]



	AgNPs@3,4-dihydroxy-L-phenylalanine
	20 (TEM)
	Pb (II)
	65–125 µM
	81 µM
	[131]



	AgNPs@Riboflavin
	20 (DLS)
	Cu (II)
	5–100 µM
	1.12 nM
	[99]



	AgNPs@Chitosan
	15 (TEM)
	Fe (III)
	1–500 µM
	0.53 µM
	[113]



	AgNPs@ N-acetyl-L-cysteine
	6.55 ±1.0 (TEM)
	Fe (III)
	80 nM–80 mM
	80 nM
	[132]



	AgNPs@ Starch
	15.4 ± 3.9 (TEM)
	Fe(III)
	0.7–7 mg/L
	0.1 mg/L
	[133]



	AgNPs@L-Tyrosine
	8.2 ± 2 (TEM)
	Hg (II)
	16–660 nM
	16 nM
	[70]



	AgNPs@L-Tyrosine
	8.2 ± 2 (TEM)
	Mn (II)
	16–500 nM
	16 nM
	[70]



	AuNPs@L-Tyrosine
	17 ± 2 (TEM)
	Hg (II)
	33–300 nM
	53 nM
	[70]



	AuNPs@L-Tyrosine
	17 ± 2 (TEM)
	Pb (II)
	16–100 nM
	16 nM
	[70]



	NPs@Tartaric acid
	6.0 ± 0.8 (DLS)
	Cr (III)
	5–100 μg/L
	2 μg/L
	[135]



	NPs@Tartaric acid
	6.0 ± 0.8 (DLS)
	Cr (VI)
	10–100 μg/L
	3 μg/L
	[135]



	AgNPs@Durenta erecta
	~23 ± 4 (FE-SEM)
	Cr (VI)
	10–100 ppm
	0.1 ppm
	[136]



	AgNPs@3MPS
	4.1 ± 0.4 (TEM)
	Co (II)
	0.5–2.0 ppm
	-
	[112]



	AgNPs@3MPS
	4.1 ± 0.4 (TEM)
	Ni (II)
	0.5–1.5 ppm
	-
	[112]



	AgNPs@1- amino-2-naphthol-4-sulfonic acid
	12 (DLS)
	Cd (II)
	1–10 µM
	87 nM
	[139]



	AgNPs@ Octamethoxy resorcin arene tetrahydrazide
	5 (TEM)
	Cd (II)
	0–10 µM
	10 nM
	[140]



	AgNPs@Chalcone carboxyl acid
	~7 (TEM)
	Cd (II)
	0.227–3.18 µM
	0.13 µM
	[141]



	AgNPs@1-(2-mercaptoethyl)-1,3,5-triazinane-2,4,6-trione
	10 (TEM)
	Pb (II)
	0.1–0.6 μg/mL
	0.06 μg/mL (tap water)
	[142]



	AgNPs@Gluconate
	9.57 ± 2 (TEM)
	Pb (II)
	0.5–2.0 µM
	0.2029 µM
	[143]
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Table 3. List of AgNPs systems as optical sensors for pesticides detection: size and sensing features.
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	MNPs System
	Size [nm]

(Technique)
	Response to
	Linear Range
	LOD
	Reference.





	AgNPs@Luminol/H2O2
	~15 (TEM)
	Dimethoate, dipterex, carbaryl, chlorpyrifos and carbofuran
	-
	24 μg/mL
	[144]



	AgNPs@Citrate/Acetylthiocholine
	16.9 (TEM)
	Dipterex
	0.25–37.5 ng/mL
	0.18 ng/mL
	[145]



	AgNPs@cyclen-dithiocarbamate
	6.0 (DLS)
	Thiram
	10.0–20.0 µM
	2.81 µM
	[146]



	AgNPs@cyclen-dithiocarbamate
	6.0 (DLS)
	Paraquat
	50.0–250 µM
	7.21 µM
	[146]



	AgNPs@4-aminobenzenethiol
	6.5 (TEM)
	Carbendazim
	10–100µM
	1.04µM
	[147]



	AgNPs@2-mercapto-5-nitrobenzimidazole/Mg2+
	~7.2 (TEM)
	Glyphosate
	0.1–1.2 μM
	17.1 nM
	[148]



	AgNPs@Rhodamine B
	20 (TEM)
	Carbaryl
	0.1–8 ng/L
	0.023 ng/L
	[149]



	AgNPs@ polystyrene-block-poly(2-vinyl pyridine)
	104.2 ± 0.68 (DLS)
	Cartap
	0.036–0.36 µg/L
	0.06 µg/L
	[150]



	AgNPs@oxMWCNTs
	37 (TEM)
	Dimethoate
	0.01–0.035 µg/L
	0.003 µg/L
	[151]



	AgNPs@aptamer
	-
	Malathion
	0.01–0.75 nM
	0.5 pM
	[152]



	AgNPs@Thioglycolic acid
	12 (TEM)
	6-Benzyl aminopurine
	4–26 µM
	0.2 µM
	[153]



	AgNPs@Trisodium citrate
	~15 (DLS)
	Prothio- conazole
	0.01–0.4 µg/mL
	1.7 ng/mL
	[154]
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