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Abstract

:

The optical absorption and fluorescence of silver nanoclusters (AgNCs) are widely exploited in many different application fields such as sensors, bio-imaging, drug delivery, etc. In the sensor field, optical devices are highly versatile thanks to their ease of fabrication and low costs and, therefore, are optimal candidates to replace expensive apparatuses commonly used. In this study, we synthesized AgNCs in aqueous phase by photochemical synthesis using poly methacrylic acid (PMAA) as a stabilizer. Colloidal water solutions of these NCs showed a very good sensitivity to Pb(II) ions, and in order to fabricate a solid-state sensor, we introduced them in a hydrogel material formed by poly(ethylene glycol) diacrylate with a molecular weight of 700 g/mol (PEGDA700). The systems were characterized using absorption and fluorescence spectroscopy and transmission electron microscopy (TEM). Finally, the sensitivity to Pb(II) ions has been tested with the aim to use these systems as solid-state optical sensors for water quality.
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1. Introduction


Nanomaterials have aroused a great interest in the research field due to their chemo-physical properties that are not owned by the material itself but that appear for their reduced size. For instance, noble metal nanomaterials have attracted wide attention in past years due to their unique optical properties. Metals have free electrons in the conduction band that determine their high electrical conductivity and optical reflectivity. When the particle dimensions decrease, approaching tens of nanometers as in the case of nanoparticles (NPs), electron motion on the particles surface dominates. When an electromagnetic wave (visible light) interacts with NPs, the physical phenomena of Localized Surface Plasmon Resonance (LSPR) occur, i.e., a collective oscillation of conduction electrons upon interaction with the light. Colloidal suspensions of metal NPs display intense colors, thus, in the absorption spectra, characteristic bands appear that depend on the type of metal and on the dimension and shape [1,2,3,4,5]. When the NPs size decreases below 2 nm, the nanostructures are named nanoclusters (NCs), and present a different optical behavior. In this case, discrete energy levels instead of bands are present and the electronic transitions, induced by the interaction with electromagnetic wave, produce absorption and fluorescence. Consequently, NCs systems show not only characteristic bands in the absorbance spectra but also bright luminescence [6,7,8,9,10]. The number of atoms composing the metal nanoclusters and their shape play an important role in the absorption and emission spectra [11,12,13].



Metal nanoclusters can be synthesized by chemical reduction [14,15,16], starting from a precursor salt of the desired metal and using a reducing agent, which reduces the metal ions into metal atoms. Alternatively, especially in water synthesis, the reducing agent can be a physical one, such as strong UV radiation [17,18] or ultrasonic waves [19,20], which produce radicals from the H2O molecules, and these radicals are responsible for the reduction of metal ions into metal atoms.



Colloidal suspensions of metal NCs can be exploited for different applications such as fluorescent labels for bioimaging [21,22,23], drug-delivery [24,25,26], catalytic applications [27,28,29] and environmental monitoring [30,31,32].



Analytical techniques with high selectivity and sensitivity are commonly employed to detect water pollutants, such as atomic absorption spectroscopy (AAS) [33], atomic emission spectroscopy (AES) [34], chromatography [35], or mass spectrometry (MS) [36], but these methods are expensive and time-consuming, mainly due to the sample preparation [37]. On the other side, simple sensor devices based on changes of the optical absorption and/or fluorescence in the presence of heavy metal ions are highly desirable for the low costs and for the ease of use based on simple and portable UV-Vis spectrometer. Colloidal solutions of fluorescent metal NCs as sensors have been widely studied and used in laboratory facilities [38,39,40,41,42], but rarely employed for in situ detection. The solid-state sensors have many advantages with respect to the colloidal ones in terms of handling or mechanical stability. For instance, with a solid device it would be possible to map quickly and accurately a certain area; indeed, placing in contact directly the sensor with the contaminated place, avoiding sampling procedures and thus saving time. Some papers report the encapsulation of metal-nanomaterials in solid matrices [43,44,45,46,47,48], but only few report their exploitation for heavy metal ions detection purpose [49,50,51,52,53]. One of the most employed polymers for the synthesis of hydrogel matrix is the poly(ethylene glycol) PEG and its derivatives, due to their very simple way to make crosslinks after UV radiation exposure [54,55]. In addition, the employment of the PEG derivatives as matrices for environmental monitoring could be strategic for the high swelling factor in water [56,57], allowing a fast diffusion of pollutant cations inside the matrix and facilitating the interaction with the sensitive moiety (NCs in our case).



In this work, we report on the synthesis of silver nanoclusters (AgNCs) stabilized by poly(methacrylic acid) (PMAA). We studied the optical properties of the AgNCs-PMAA system in a water solution and in a hybrid hydrogel matrix based on PEGDA. AgNCs-PMAA show a fluorescence peaked at 660 nm when excited with a LED source at 340 nm. The fluorescence band is independent from the excitation wavelength (within the range 340–540 nm), indicating a high monodispersion in size [58,59]. The average size of the synthesized NCs was 1.84 nm, measured by High-Resolution Transmission Electron Microscopy (HRTEM). We tested hybrid hydrogel samples in the presence of several metal ions. The sensitivity to Pb(II) ions found in liquid solution, was preserved in the solid-state device. The interaction kinetics between the Pb(II) cations and the matrix containing the fluorescent material was evaluated. The performance of the hybrid device in terms of limit of detection (LOD) and linear behavior (form 0 to 100 μM) as a function of AgNCs-PMAA content were also studied. This result represents a first step toward the fabrication of a solid-state optical sensor for water quality monitoring based on fluorescent AgNCs-PMAA.




2. Materials and Methods


2.1. Chemical Products


Silver nitrate (AgNO3), poly(methacrylic acid) sodium salt solution (MW = 9400, 30% wt. in water), poly(ethylene glycol) diacrylate (PEGDA700, Mn = 700), ethanol (>99.8%), and nitric acid HNO3 (70%) were purchased from Sigma-Aldrich (St. Luis, Missouri, USA). The photoinitiator Irgacure 819 was purchased from Ciba Specialty Chemicals (Basel, Switzerland). All reagents were used without any further purifications. For sensing tests, the following metal precursor salts were used: copper nitrate pentahydrate [Cu(NO3)2·5H2O], lead nitrate [Pb(NO3)2], zinc nitrate hexahydrate [Zn(NO3)2·6H2O], cadmium nitrate pentahydrate [Cd(NO3)2·5H2O], sodium nitrate [NaNO3], nickel chloride hexahydrate [NiCl2·6H2O], cobalt chloride hexahydrate [CoCl2·6H2O], potassium perchlorate [KClO4], and magnesium perchlorate [Mg(ClO4)2]. We also tested the sensitivity to As(III) using sodium (meta)arsenite [AsO2Na]. All reagents were purchased from Sigma-Aldrich and dissolved in deionized water (18.2 MΩ*cm).




2.2. Ag Nanoclusters Synthesis


Silver nanoclusters were synthesized using a slightly modified procedure described in detail in a previous work [60]. Briefly, 2.5 mL of a water solution of AgNO3 (50 mM) were mixed with a PMAA solution (5.6 mM) at room temperature under vigorous stirring. The pH value was adjusted to 4 by adding HNO3 in order to have the right structural conformation of the polymer chains, avoiding the aggregation of AgNCs and to have the highest efficiency of fluorescence. As a final step, the mixture was exposed to a UV lamp (300 W, Oriel Instruments, Newport, RI, USA) for 6 min to promote the reduction reaction of silver ions to silver metal. Nitrogen gas was fluxed on the solution surface during all the UV exposition to hamper the oxidation of the growing AgNCs. The AgNCs-PMAA obtained were centrifuged to remove large nanoparticles and aggregates. The supernatant solution was collected and kept in the fridge before use.




2.3. Hybrid Hydrogel Matrix Synthesis


Photopolymerizable hydrogel matrix was synthesized using 5 mL of PEGDA700, 4 mL of H2O at pH = 4, 1 mL of AgNCs-PMAA, and 600 µL of Irgacure 819 (25 mg/mL in ethanol). All the components were mixed for 24 h in the dark. A total of 1.5 mL of the final mixture were inserted in a 4-faces plastic cuvette and exposed for 2 min under a low power UV table-lamp (λ = 366 nm, Minuvis, Desaga, Wiesloch, Germany). During the photopolymerization process, the energy was transferred to the photoinitiator molecules, breaking them in the form of radicals, which opened the double terminal bonds of the PEGDA chains. Finally, polymeric chains joined together, forming a solid network. The AgNCs-PMAA were trapped in the tri-dimensional network of the polymerized PEGDA with a very good homogeneity and the device was ready to be used in the Pb(II) detection measurements. In order to evaluate the effect on the sensitivity of the system, the concentration of AgNCs-PMAA in the matrix was changed, adding different volumes of bare AgNCs-PMAA solution to the matrix precursors. The volumes of 0.75 mL, 1 mL, 2 mL, 3 mL, and 5 mL were investigated. The Table S1 of Supplementary Materials provides the contents for each compound employed for the synthesis of the hybrid hydrogel.




2.4. Experimental Apparatuses and Sensing Measurement Protocol


The UV-Vis (range 200–700 nm) absorption spectra of the matrix compounds were collected using a Perkin-Elmer Lambda 19 spectrophotometer. The photoluminescence characterization was accomplished using a LED source (λ = 340 nm, M340L4, Thorlabs, Newton, MA, USA) as excitation, a 25 cm monochromator (Model 1231, Instruments SA Inc., Edison, NJ, USA), and a CCD (S7011-1007, HAMAMATSU, Hamamatsu city, Japan) as detector. The experiments were carried out in triplicate and for each sample, four emission spectra were recorded, one for each face of the cuvette. The fluorescence measurements of the different sides of the cuvette are reported in the Figure S2 of the Supplementary Materials, showing a very good reproducibility and a good homogeneity of the dispersion of the NCs in the solid matrix. For the sensing measurements, a long pass filter of 550 nm (FGL550, Thorlabs) was employed to cut the fluorescence band related to the solid matrix while maintaining the AgNCs-PMAA emission. The power of the LED was measured before and after each acquisition to guarantee the same light intensity for each sample. For the sensing protocol, one solid sample was taken as reference, while another was kept in contact with Pb(II) contaminated water (with a specific lead concentration) and subsequently the fluorescence was recorded. A volume of 1 mL of polluted water was inserted in the cuvette over the hydrogel matrix; in the case of the reference, simple deionized water was employed. The sensing protocol was repeated for each AgNCs-PMAA concentration. The kinetics of interaction was followed recording the emission spectra of the hybrid hydrogel sensor polluted with 50 μM of Pb(II) for 25 h. The equilibrium value was reached after 18 h as reported in the Figure S3. After each measurements the sample was stored at T = 4 °C. Sensing tests were performed after 18 h of interaction. In addition, to evaluate the time stability of the matrix with AgNCs-PMAA and the reproducibility of the data, the fluorescence was studied over 5 days, showing that the PL intensity during this period is highly stable as reported in the Figure S4. The interaction kinetics represent a point of weakness due to the long time to reach the equilibrium, but this drawback could be easily overcome by photolithography techniques since the photopolymerizable material can be easily microstructured, increasing the surface interaction between AgNCs-PMAA and Pb(II) ions and decreasing the time kinetics.



The size and shape of the AgNCs-PMAA have been investigated by HRTEM. An image corrected FEI Titan Themis 60–300 X-FEG has been used for these studies. A 4 k × 4 k pixels on a metal-oxide-semi-conductor (CMOS) camera has been applied to acquire the HRTEM images.





3. Results and Discussion


3.1. Optical and Morphological Characterizations


In Figure 1, the optical absorptions (black curves) and the photoluminescence emissions (red lines) of the single components used for the matrix synthesis are shown. The photoinitiator (Figure 1a) shows a very high absorption for wavelengths shorter than 450 nm for a concentration that was the same used in the synthesis of the hybrid hydrogel matrix (25 mg/mL) and an emission band centered at about 510 nm. The PEGDA700 (Figure 1b) shows a weak absorption band at 305 nm and a double peak emission at 485 nm and 510 nm, respectively. The absorption and the PL emission of the AgNCs-PMAA are shown in Figure 1c; the shoulder at 300 nm in the absorption spectrum is due to the presence of NO3− residual ions from the synthesis [61]. The AgNCs-PMAA aqueous solution exhibits a fluorescence peak at 660 nm. In Figure 1d, the absorption of the solid hydrogel matrix of PEGDA700 and AgNCs-PMAA and its emission are shown. The fluorescence band clearly shows the two contributions originating from the AgNCs-PMAA and the solid PEGDA700 hydrogel matrix.



The HRTEM images of the AgNCs-PMAA after the centrifugation process and before the embedding in the hybrid matrix is reported in Figure 2a,b, highlighting a mean size of 1.84 ± 0.60 nm. In Figure 2c, a picture of the solid optical device composed by the hydrogel matrix inside a plastic cuvette is reported.



In Scheme 1, a simple drawing of the structural arrangement of the AgNCs-PMAA in the PEGDA700 matrix is reported. The black lines represent the crosslinked PEGDA chains while the orange-coiled lines are the PMAA polymer molecules and the blue spheres are the AgNCs. The crosslinking reaction traps the AgNCs-PMAA nanostructures within the PEGDA chain network, producing a stabilization of the fluorescent nanoclusters in a porous environment, which allows the diffusion of the Pb(II) contaminated drops of water added on the top of the solid matrix.




3.2. Sensing Measurements


In a recent work [60], we tested the response of colloidal aqueous solution of AgNCs-PMAA in the presence of several heavy metal ions. Briefly, we have found an enhancement of the PL emission with respect to the reference solution for Zn(II), Cd(II), and Pb(II) with a fixed concentration of 50 µM, while for the same concentration of many other heavy metal ions, the fluorescence signal was the same as the reference one. The best response in terms of change of fluorescence intensity was found for Pb(II). The same experiment was carried out also in the case of the hybrid matrix containing AgNCs. The results are shown in Figure S5 of Supplementary Materials, highlighting that the selectivity was unchanged with respect to the trials in the liquid phase.



We focused our investigation to Pb(II) ions since they presented the highest optical response. The sensitivity is related to the AgNCs content; the study of different AgNCs-PMAA contents in the polymeric matrix has shown that the lower the amount of NCs, the higher the optical response in presence of Pb(II). Figure S6 shows the ratio F/F0 as a function of Pb(II) concentration (0–100 µM) for different AgNCs densities, where F is the fluorescence intensity of the polluted sample and F0 is the intensity of the reference sample. In this graph, the linear fittings for each case are also presented. The limit of detection (LOD, 3σ) for each sample was estimated and reported in the Table S7. The shape of the AgNCs emission for the lowest concentrated sample (0.75 mL) was too weak to be used for sensing tests. Therefore, the sample labelled with “1 mL” represents the best compromise among sensitivity and intensity of AgNCs emission. Figure 3a reports the PL spectra of the samples with different Pb(II) concentrations and the emission spectrum of bare AgNCs-PMAA colloidal solution as reference is included in the graph (dotted grey line). The PL intensity of the bare AgNCs-PMAA is arbitrary and not quantitatively comparable with the fluorescence of the hydrogel matrix. Figure 3b shows the F/F0 ratio as a function of Pb(II) concentration. A linear behavior in the range 0–100 µM can be observed, while for higher contaminant concentrations, the F/F0 ratio reaches a plateau where the value is almost constant. This is a clear indication that the centers responsible for the interaction with lead ions, namely the carboxyl groups of PMAA chains, are completely saturated by the polluting cations and an additional amount of lead ions does not produce a change in the fluorescence intensity of the nanoclusters. The limit of detection of doped hydrogel matrix was estimated. The value was 8 µM that compared to the AgNCs-PMAA colloidal solution was quite high. In that case, we found a low LOD of the order of 60 nM [60]. This behavior can be understood considering that fluorescence signal is a sum of two different fluorescence components. The first one was related to the fluorescence of the nanoclusters that increases with the increasing concentration of the lead ions. The second one was related to the PEGDA matrix itself. The sum of the two signals, producing an inseparable overlap, reduces the sensitivity of the system consistently. Nevertheless, the strategy to insert the sensitive elements in a solid matrix offers many advantages due to a greater stability in terms of handling, portability, and storage and the possibility of in situ measurements. Moreover, the sensitivity of the solid system to Cd(II) and Zn(II) in addition to Pb(II) make this system potentially suitable to be used as a water filter for the removal of dangerous heavy metal ions. These preliminary results are very encouraging and open a new path towards solid-state optical sensors for Pb(II) ions based on fluorescent AgNCs.





4. Conclusions


We synthesized highly monodispersed AgNCs-PMAA with a mean diameter of 1.84 nm using a simple photochemical approach. We embedded AgNCs-PMAA in a hydrogel matrix based on PEGDA. The photopolymerization of the matrix was easy and fast and the emission band of the NCs was still present. The hybrid hydrogel device preserves the sensitivity to Pb(II) ions thanks to the matrix porosity.



We measured a fluorescence intensity enhancement as a function of the Pb(II) ions present in water in contact with the solid matrix. This behavior can be used for lead detection in water with a good linearity up to 8 µM. Despite the high detection limit, with respect to the bare colloidal solution of AgNCs-PMAA, such a solid-state device is hugely more exploitable as an optical sensor than the liquid colloidal ones. These preliminary results are encouraging to fabricate an economic solid-state optical device for water monitoring that could be used directly for detection of lead ions on the field.
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Figure 1. UV-Vis absorption (black lines) and normalized PL emission (red lines) spectra of: (a) photoinitiator Irgacure 819, (b) PEGDA700, (c) AgNCs-PMAA in aqueous solution, (d) solid hydrogel matrix of PEGDA700 with AgNCs-PMAA. 
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Figure 2. (a,b) HRTEM images of AgNCs-PMAA; (c) photograph of the AgNCs embedded in the PEGDA matrix inside the plastic cuvette. 
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Scheme 1. Schematic representation of the structural arrangement of AgNCs-PMAA nanostructures trapped in the PEGDA700 network. 
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Figure 3. (a) PL spectra of the hydrogel matrix doped with AgNCs-PMAA as a function of Pb(II) concentration, the dotted grey line represents the emission of bare AgNCs-PMAA colloidal solution as reference; (b) the F/F0 ratio as a function of Pb(II) concentration between 0–200 µM. 
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