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Abstract

:

A NIR cyanine@imidazole derivative Cy1 was synthesized and evaluated as a metal ion sensor in solution. Cy1 was shown to be very sensitive to all metal ions tested, presenting a blue shift in the absorption from 668 nm to 633 nm, followed by a change in colour from pale green to blue with Zn2+, Cd2+, Co2+, Ni2+ and Hg2+ ions. Despite the blue shift in the absorption, a decrease at 633 nm (with a colour change from pale green to colourless), as well as a quenching in the emission intensity at 785 nm were observed for Cu2+ ions. The results show the formation of sandwich complexes of two ligands per metal ion with the highest association constant observed for Cu2+ (Log Kass.abs = 14.76 ± 0.09; Log Kass.emis. = 14.79 ± 0.06). The minimal detectable amounts were found to be 31 nM and 37 nM, with a naked eye detection of 2.9 ppm and 2.1 ppm for Hg2+ and Cu2+ ions, respectively. These results prompted us to explore the applicability of Cy1 by its combination with nanomaterials. Thus, Cy1@ doped MNs and Cy1@ doped PMMA nanoparticles were synthesized. Both nanosystems were shown to be very sensitive to Cu2+ ions in water, allowing a naked-eye detection of at least 1 ppm for Cy1@ doped MNs and 7 ppm for Cy1@ doped PMMA. This colourimetric response is an easy and inexpensive way to assess the presence of metals in aqueous media with no need for further instrumentation.
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1. Introduction


The development of new methodologies for the detection of analytes in samples is an increasingly studied topic in the scientific community [1]. These methods are particularly important when detecting the presence of analytes in aqueous environments [2,3]. For example, levels of metal ions such as copper and cadmium, amongst others, in drinking water are very tightly regulated by governmental and non-governmental entities, since the presence of these metals above a particular concentration can cause severe health problems, once ingested [4,5]. The maximum allowable concentration (MAC) is a regulated unit that defines the maximum concentration of a particular analyte, present in drinking water [6]. These values can be described by governments or by other organizations, such as the World Health Organization (WHO) [7], or the European Union [8], and can be different, depending on the regulating unit. For example, the MAC for copper defined by the WHO is 2 ppm, a similar value to that described by the European Union; however, in the United States, this value is described as 1.3 ppm [9]. Other examples include mercury ions by the same entities. The MACs for this analyte are 6, 2 and 1 ppb, defined by the WHO, United States Government and European Union respectively. These concentrations are usually in the ppm and ppb ranges and are generally determined by ICP-MES and FAAS [6], normally requiring sample treatment and expensive instrumentation.



Other methods can also be employed, from spectroscopic to electrochemical [6]. However, optical methods are possibly the simplest and cheapest ones employed for this purpose. These methods are usually produced by using a derivative that can interact specifically with the intended analytes, in a specific or non-specific way, and produce a colourimetric alteration that can be detected by either a simple naked-eye assessment or UV-VIS analysis [10,11]. This type of assessment is usually very intuitive, easy to implement, reasonably priced and most importantly, fast, making this type of chemosensor a very valuable tool. The main disadvantage that is reported for colourimetric methods is the lack of sensitivity [6]. Although these are usually very fast and effective, if the system is based on naked-eye detectable colorimetric alterations, a large concentration of the analyte might be required for a significant alteration. This may pose as a particularly limiting aspect, especially when considering metal detection in aqueous environments, due to their very low regulated concentrations.



The development of chemosensors for selective sensing of metal ions via visual changes have gained attention, especially ones with absorption and emission bands at the near-infrared region (NIR) (650–1000 nm) [12]. High sample penetration and reduced autofluorescence are some of the related advantages. Nevertheless, NIR-cyanine based probes for the detection of metal ions are scarce.



Cyanine dyes have incredible photophysical and photochemical characteristics, low toxicity, and excellent biocompatibility, making them an attractive platform for biological and environmental assays. These molecules are commonly characterized by presenting two nitrogen heterocyclic rings conjugated through an odd number of carbon atoms organized in a carbon chain, resulting in a positively charged molecule [13]. From this basis, a variety of cyanine types arise, based on the length of the carbon chain [14]. By varying the length of the chain it is possible to modify the absorptive and emissive characteristics of these molecules [15], allowing for an easy adaptation of their photophysical and photochemical characteristics. Due to their variety of traits and easy tunability, cyanine dyes can be employed in a wide variety of scientific fields, ranging from the photographic industry [16], to medical and clinical applications such as photo-thermal therapies [17].



Furthermore, metal-cyanine interactions are also widely reported in the literature, with a variety of systems for the detection of metals such as zinc, mercury and cadmium, amongst others [18,19,20]. However, the most widely known interaction of cyanine dyes is with copper ions, allowing also for the development of detection methods for these metals in a variety of environments [21].



Cyanine-analyte interactions can present colourimetric alterations, allowing for easy analysis and detection of the intended analyte in solution [22], making them ideal candidates as colourimetric probes for metal detection. Furthermore, these types of systems have the potential to detect concentrations in the ppm and ppb ranges, due to the high sensitivity that cyanine dyes present for metal ions in solution [23].



Cyanine derivatives can also be incorporated onto a solid-supported matrix [24,25], providing practicality for their application not only in laboratory environments but also in in situ applications. These types of devices can be particularly useful for environmental purposes, allowing for the detection of specific pollutants, and their possible capture in a combined approach.



Mesoporous silica nanoparticles are one type of soft matrix that has been widely studied throughout the past decade [26]. These nanoparticles, similar to cyanine derivatives, also present a wide variety of tunable properties, such as pore size and morphology, while also allowing for the loading and release of a wide variety of molecules [27]. As such, they can be employed in areas ranging from drug delivery [28] to metal remediation [29]. These particles have been reported as being able to capture metal ions in solution and entrap them as a very effective bioremediation strategy [30]. The combination of cyanine derivatives in mesoporous silica nanoparticles could produce a dye-doped system that would be inexpensive and simple to use for the detection of metals or other types of analytes. Furthermore, these devices could be easily employed in an in situ application, due to their increased stability.



Dye-doped polymer nanoparticles are another type of matrix that was revealed to be very efficient [31,32,33]. In this type of nanosystem, hydrophobic dyes can be easily incorporated, presenting outstanding features, such as higher photostability, efficient brightness and colour tunability [34].



Our goal in this work was to engineer cyanine-based doped supported devices for metal detection. For that, a NIR cyanine@imidazole dye, Cy1, was synthesized and their sensorial ability was evaluated in the presence of Zn2+, Cd2+, Cu2+, Co2+, Ni2+ and Hg2+ metal ions in acetonitrile. Cy1 was further incorporated onto MCM-41 type mesoporous silica and PMMA nanoparticles, enabling colourimetric metal detection in aqueous media.




2. Materials and Methods


2.1. Chemicals and Materials


Copper (II) trifluoromethanesulfonate (Cu(TfO)2, >98%), cadmium (II) trifluoromethanesulfonate (Cd(TfO)2, >98%), mercury (II) trifluoromethanesulfonate (Hg(TfO)2, >98%), nickel (II) trifluoromethanesulfonate (Ni(TfO)2, >98%), Cobalt (II) trifluoromethanesulfonate (Co(TfO)2, >98%), zinc (II) trifluoromethanesulfonate (Zn(TfO)2, >98%) were acquired from Solchemar. Methanol (MeOH), polymethyl methacrylate (PMMA), 1-(3-Aminopropyl)imidazole, xexadecyltrimethylammonium bromide (CTAB) and tetrahydrofuran anhydrous (THF, >99.9%), N,N–diisopropylethylamine (DIPEA) were purchased from Sigma Aldrich. IR-813 p-toluenesulfonate was acquired from TCI Chemicals. Acetonitrile (CH3CN) and dichloromethane (CH2Cl2) were acquired from CarloErba. Dimethylsulfoxide (DMSO) was purchased from Panreac AppliChem. All solvents and reagents were of analytical reagent grade and were used as received.




2.2. Instrumentation


UV-Vis spectra were recorded on a JASCO V-650 spectrophotometer and fluorescence emission spectra on a HORIBA-JOBIN-YVON Fluoromax-4. Zeta potential and nanoparticle size distributions were measured in a Dynamic Light Scattering Malvern Nano Zetasizer, with a 633 nm laser diode (PROTEOMASS Scientific Society Facility, Caparica, Portugal). Infrared spectra (IR) were collected on an Alpha II Compact FT-IR spectrometer, FTIR-ATR (Bruker., Bremen, Germany), (PROTEOMASS Scientific Society Facility, Caparica, Portugal).



1H NMR spectrum was recorded on a Bruker Avance III 400 at FCT-LAQV REQUIMTE Lab, University Nova of Lisbon, Portugal. The NMR spectrometers are part of The National NMR Facility, supported by Fundação para a Ciência e a Tecnologia (RECI/BBB-BQB/0230/2012).



High-Resolution Mass Spectrometry analyses were carried out in the Laboratory for Biological Mass Spectrometry–Isabel Moura (PROTEOMASS Scientific Society Facility), using UHR ESI-Qq-TOF IMPACT HD (Bruker-Daltonics, Bremen, Germany).




2.3. Synthesis of Cyanine Dye Cy813@Imidazol (Cy1)


In a 100 mL round bottom flask, equipped with CaCl2 tube were added IR-813 p-toluenesulfonate (98 mg, 0.130 mmol), DIPEA (30 µL,0.17 mmol) and 10 mL of CH2Cl2. 1-(3-Aminopropyl)imidazole (44 µL, 0.369 mmol) was then added and the reaction mixture was stirred for 48 h at room temperature. The solvent was evaporated under reduced pressure. The product was purified through chromatography (silica, eluent CH2CL2/MeOH 9:1). The final product Cy1 was obtained as a dark green powder (yield: 56%).



1NMR (400 MHz, CDCl3): δ (ppm) = 8.38 (d, J = 12 Hz, 2H, CH), 8.04 (d, J = 8 Hz, 2H, ArH), 7.89 (d, J = 8 Hz, 4H, ArH), 7.77 (m, 4H, ArH), 7.12 (d, J = 8 Hz, 2H, ArH), 7.05 (d, J = 8 Hz, 2H, CH), 6.91 (d, J = 8 Hz, 1H, CH), 6.22 (d, J = 12 Hz, 2H, CH), 5.43 (t, J = 13.6 Hz, 1H, NH), 4.08 (m, 2H, CH2), 3.77 (s, 6H, CH3), 2.68 (m, 2H, CH2), 2.55 (m, 2H, CH2), 2.43 (m, 4H, CH2), 1.99 (s, 12H, CH3), 1.72 (m, 2H, CH2). ESI-QqTOF MS: [C46H50N5]+, 672.4061 m/z (Error −1.0 ppm). FTIR (cm−1): ν, 3100 (=C-H stretch), 2925 (-CH2-), 1605 (dienes), 1590, 1434 (Ar C-C stretch), 1540 (NH out of plane). UV-Vis in acetonitrile (λ, nm): band at 668 nm (ε = 15,959 cm−1·M−1). Emission spectrum in acetonitrile (λexc = 668 nm, λemis.= 785 nm).




2.4. Synthesis of Cy1 Doped Mesoporous Silica Nanoparticles


MCM-41 type mesoporous silica nanoparticles (MNs) were synthesized by an adaptation of the Stöber Method, already published by our group in [28]. The obtained mesoporous silica nanoparticles were then subjected to loading assays using the previously synthesized Cy813@imidazol derivative (Cy1). 50 mg of MNs was incubated in 2 mL of a Cy1 acetonitrile solution. This solution was left overnight, under stirring, at room temperature, in a dark environment. The following day, the dye-doped MNs were recovered by centrifugation (10 min at 10,000 rpm) and washed several times with acetonitrile and Milli-Q H2O. The obtained dye-doped MNs were left to dry in a silica chamber at room temperature and stored until further manipulation.




2.5. Synthesis of Cy1 Doped Polymer Nanoparticles


In a 4 mL glass vial, 150 mg of PMMA were dissolved in THF, under stirring, at 50 °C, until complete solubilization. 0.5 mg of the cyanine dye Cy813@imidazol (Cy1) was also dissolved in 200 µL of THF. Once PMMA is fully dissolved, the dye solution was added to the glass vial. Aqueous solutions of CTAB (0 µM, 10 µM and 500 µM) were also prepared. 0.6 mL of the cyanine-PMMA THF solution were quickly added to 2.4 mL of the aqueous CTAB solutions. The obtained mixtures were left under stirring, at 50 °C, for 15 min. After this period, the solutions were filtered and stored in a dark environment, until further manipulation [32,33].




2.6. Spectrophotometric and Spectrofluorometric Measurements


The spectroscopic characterization and titrations were performed using stock solutions of the compounds (ca. 10−3 M) and prepared by dissolving the appropriate amount of dye Cy1 in acetonitrile in a 5 mL volumetric flask. The final solutions were prepared by appropriate dilution of the stock solutions up to 10−5–10−6 M. Titrations of Cy1 were performed by the addition of microliter amounts of standard solutions of Cu2+, Cd2+, Hg2+, Ni2+, Co2+, Zn2+ ions in acetonitrile. All measurements were performed at 298 K.



The luminescence quantum yield of Cy1 was measured using a solution of IR-813 p-toluenesulfonate in ethanol [ϕ = 0.060] as a standard [35,36,37]. All solvents used were of the highest purity Uvasol from Merck.



The final values were calculated using the equation:


ΦS = Φstd (Is/Istd) (ns/nstd)2



(1)







ΦS and Φstd are the radiative quantum yields of the sample and the standard, respectively, ns and nstd are the refractive indexes of the sample and standard solutions (pure solvents were assumed), and Is and Istd are the respective areas of emission for sample and standard, respectively.



	
Characterization data of IR813 in ethanol: λabs. = 815 nm, λemis. = 830 nm, and ϕF = 0.060.



	
Characterization data of Cy1 in ethanol: λabs. = 678 nm, λemis. = 785 nm.






Cy1 encapsulation efficiency in mesoporous silica and PMMA nanoparticles were assessed via absorption spectra of the final products at their maximum at 633 nm and by mass balance.



Thus, the encapsulation efficiency (EE%) and the loading capacity (mg/g) were determined by the following equations (tCy1: the total amount of Cy1; fCy1: amount of free Cy1).


  E E % =    t  C y 1 −  f  C y 1        t  C y 1     × 100   l o a d i n g   c a p a c i t y    (    m g  g   )  =    t  C y 1    (  m g  )  −  f  C y 1    (  m g  )        a m o u n t   o f   n a n o p a r t i c l e s   o r   p o l y m e r    












2.7. Determination of the Detection and Quantification Limits (LOD and LOQ)


The detection limit (LOD) and quantification limit (LOQ) are the lowest concentration levels that can be detected and quantified to be statistically different from a blank. For the determination of LOD and LOQ, ten different measurements of a solution containing the selected probe were collected without the addition of any metal ion (yblank). The LOD and LOQ were determined by the formulas:




	
LOD = ydl = yblank + 3std, where ydl = signal detection limit and std = standard deviation.



	
LOQ = ydl = yblank + 10std, where ydl = signal detection limit and std = standard deviation.








Additionally, small amounts of the metal ion were added to a solution of the cyanine dye Cy1 to determine the minimal detectable and quantified concentration out of the LOD and LOQ values, respectively.




2.8. Metal Sensing by Dye-Doped MNs


A total of 2 mg of the previously obtained dye-doped MNs was dispersed in 1 mL aqueous solutions containing 0, 1, 2.5, 5, 7.5, 10, 15 and 20 ppm of Cu2+ or Hg2+ for approximately 10 min. Afterwards, the solubilized nanomaterials were recovered by centrifugation and left to dry overnight. The following day, a naked-eye colourimetric assessment was performed on the dried nanomaterials.




2.9. Metal Sensing by Dye-Doped PMMA Nanoparticles


Stock suspensions of Cy1 doped PMMA nanoparticles were diluted in water to yield 0.2 OD suspensions of 3 mL and spiked with 2, 5, 7, 10, 12, 14, 17, 19, 22, 24, 27, 29, 31, 34, 36, 42, 48, 54 and 60 ppm of Cu2+. The resulting suspensions were spectroscopically evaluated at 455, 630 and 668 nm and visually followed for any colourimetric changes. Naked-eye colourimetric changes towards Zn2+, Cd2+, Cu2+, Co2+, Ni2+ and Hg2+ metal ions were also evaluated by the addition of 20 equivalents of each metal ion in water.





3. Results and Discussion


3.1. Synthesis and Characterization of Dye Cy1


The synthesis of Cy1 was designed by following the indications reported by Bouteiller and co-workers [38]. Cy1 was obtained by post-synthetic derivatization of the commercially available dye IR-813 p-toluenesulfonate through a SRN1 reaction of its meso-chlorine atom with 1-(3-Aminopropyl)imidazole and DIPEA in dichloromethane at room temperature. Cy1 was obtained as a dark green powder with a yield of 56%, and characterized by 1NMR, FTIR, Mass spectrometry (ESI-QqTOF), UV-vis and fluorescence emission spectroscopy, showing analytical data in accordance with its structure.



The absorption and emission spectra of dye Cy1 were measured at 295K in acetonitrile (see Figure 1). Cy1 shows in the absorption spectra a band at 668 nm with an ε = 15,959 cm−1. M−1 and an emission band at 785 nm. The fluorescence quantum yield was determined using as a standard the IR-813 in ethanol, where a value of ϕF = 0.33 was calculated. It is evident that the introduction of an aminopropylimidazole moiety at the meso-chlorine atom led to a blue shift in absorption (Δλ = 137 nm in ethanol) and emission (Δλ = 45 nm in ethanol) bands in comparison with the commercial dye IR813, which presents optical bands in the infrared region. In the same way, a 6-fold increase in the fluorescence quantum yield was verified, confirming that the introduction of aminopropyl linker between the imidazole unit and the heptamethine chain prevented the π-π stacking interactions and thus aggregation, leading to fluorescent derivatives [38].




3.2. Sensorial Ability towards Metal Ions


The sensorial ability of Cy1 towards Zn2+, Cd2+, Cu2+, Co2+, Ni2+ and Hg2+ metal ions was evaluated in acetonitrile. Similar spectral and colourimetric changes were observed for all metal ions except for Cu2+ metal ions (see Figure 2). As an example, Figure 2A shows the spectral behaviour of Cy1 upon the addition of Zn2+ metal ions. Figure S3 shows the absorption spectra of the titrations with the other metal ions. The increasing addition of this metal leads to a blue shift in the absorption band from 668 nm to 633 nm, with a consequent change in colour from pale green to blue. Regarding emission spectra, no changes were observed upon the addition of Zn2+, Cd2+, Co2+, Ni2+ and Hg2+ metal ions.



On the other hand, the subsequent addition of Cu2+ ions to the Cy1 solution results in a shift of the absorption band from 668 nm to 633 nm followed by a gradual decrease in the absorption at 633 nm. Moreover, colourimetric changes from pale green to blue and consequently to colourless were visualized. Furthermore, quenching on the emission intensity at 785 nm is also verified with Cu2+, due to its paramagnetic nature leading to non-radiative deactivation processes [39,40].



The minimal detectable (MDA) and quantified (MQA) amounts of all metal ions were calculated using the equations in Section 2.7, and the values are listed in Table 1.



The lowest detectable and quantified amounts of 31 nM; 37 and 62 nM; 74 nM were determined for Hg2+ and Cu2+ ions, respectively (Table 1). Concerning the naked-eye detection, amounts of 5.9 µM (2.1 ppm) and 5.8 µM (2.9 ppm) were determined.



To better understand the interaction mode between Cy1 and the metal ions, the stoichiometry and the stability constants were calculated using the HypSpec program [41] and the main data are depicted in Table 1. The results show the formation of sandwich complexes of two ligands per metal ion with the highest association constants obtained for Cu2+ (Log Kass.abs = 14.76 ± 0.09; Log Kass.emis. = 14.79 ± 0.06) (see Figure S4). For the other metal ions, the association constants calculated present a similar order (LogKass. ≈ 12–13).



In order to improve the applicability of Cy1 in aqueous media, the dye Cy1 was incorporated into mesoporous silica and PMMA nanoparticles and further evaluated in aqueous solutions of known amounts of Cu2+ and Hg2+ metal ions.




3.3. Cy1-Doped Mesoporous Silica Nanoparticles for Metal Sensing


MCM-41 type mesoporous silica nanoparticles (MNs) were synthesized following an adapted protocol of the Stöber method, already described by our group [28]. For this synthesis approach, CTAB, a cationic surfactant, was selected as a template, and TEOS was used as a silica precursor. The precipitation of the silica precursor onto the micellar arrangement of CTAB in an aqueous solution originates the mesoporous silica shell. Other agents were added to the reactional mixture to promote monodispersity of the materials and control their morphologic characteristics, such as ethylene glycol and NaOH, respectively. The template-containing nanoparticles were then obtained in a white powder composition. A template removal step was then performed to remove the cationic surfactant and obtain hollow mesoporous silica nanoparticles, allowing for the loading of diverse molecules onto their porous structure. This step was performed under mild conditions through incubation of the material in a methanolic ammonium nitrate solution and subsequent washes to remove all remaining unwanted molecules.



The effective removal of the template and synthesis of the material was evaluated through a FT-IR analysis (Figure S1). The acquired spectra is a typical spectra presented by mesoporous silica materials [42]. Peaks at 1057 cm−1, 968 cm−1 and 795 cm−1 can be attributed to Si-O-Si, Si-O-H and Si-O vibrations, respectively [42,43]. At 3407 cm−1, a band can be attributed to O-H vibrations. The morphologic characteristics of these materials can be further evaluated by TEM imaging (Figure S1). From here, it was possible to confirm the spherical mesoporous nature of the materials. Average particle size was also determined by TEM imaging, yielding a diameter of 30 ± 6 nm. Further characterization of these nanomaterials has already been reported by our group [28].



The incorporation of the cyanine derivative was evaluated through UV-Vis of the supernatant spectra, acquired during the washes following MNs-dye incubation. The loading percentage obtained for this incorporation was 92.15% and the encapsulation efficacy was 9.92 mgCy1/gnanoparticle. Another indicator of the successful incorporation of the dye onto the mesoporous matrix was a colourimetric alteration of the nanomaterial. The particles acquired a grey-dark blue colouration after the incorporation process (Figure 3).



The obtained dye-doped mesoporous silica nanoparticles were evaluated as a sensor for metal ions in aqueous solutions. Two metal ions were selected to this end: Cu2+ and Hg2+. A small amount of dye-doped MNs was incubated with aqueous solutions containing 0, 1, 2.5, 5, 7.5, 10, 15 and 20 ppm of each respective metal for approximately 10 min, after ensuring complete solubilization of the nanomaterial in solution. This timestamp was selected to ensure the complexation of the metals to the coordination sites in the dye. Afterwards, the nanomaterial was recovered by centrifugation and evaluated for any colourimetric alterations.



Whether no visible alterations were verified for Hg2+, a clear change was registered in the presence of Cu2+. Figure 4 shows the colourimetric profile obtained for each copper concentration. Nanomaterials maintained their greyish dark blue colouration when exposed to water without the presence of metals. Moreover, the respective aqueous supernatant did not present any colouration, indicating that the majority of the derivatives remained encapsulated, with no apparent signs of release to the medium. However, when exposed to copper concentrations, even as low as 1 ppm, slight colourimetric alterations were verified. After exposure to copper ions, the nanomaterial acquired a light brown tonality that became increasingly lighter up to 5 ppm of Cu2+ and maintained that same colouration at higher copper concentrations.



Above 5 ppm, the colour presented by the dye-doped MNs is distinctly different than that presented by the nanomaterials without exposure to metals. This behaviour mirrors the results observed in solution by Cy1 in the presence of Cu2+ ions.



Dye-metal interaction mechanisms might follow a methodology proposed by Wang et al. [44]. Once a chromophore is incorporated onto a solid matrix, either through adsorption or electrostatic interactions, it retains its capacity to coordinate with metals. However, due to the immobilization of the chromophores onto the solid matrix, more coordination sites will be free to interact with the metal ions, thus increasing metal-chromophore interactions and, subsequently, the sensitivity of the system. These effects were also verified in the Cy1-doped MNs system, where the free Cy1 in acetonitrile solution allows a naked-eye detection of 2.1 ppm, and when immobilized into a mesoporous silica matrix, a naked-eye detection of at least 1 ppm was observed in an aqueous solution. Thus, this system allows for the detection of very low concentrations of copper, at the ppm range, without the need for further instrumentation.




3.4. Cy1-Doped PMMA Polymer Nanoparticles


Cy1-doped PMMA nanoparticles were successfully obtained by an adaptation of an oil-in-water (O/W) synthetic protocol, previously published by the group [31]. The introduction of the oily THF solution, containing both polymer and Cy1, over a CTAB aqueous solution led to the formation of well-stabilized O/W nanodroplets, which after THF evaporation induced PMMA reprecipitation and yielded the final polymeric particles (Figure 5).



The incorporation of Cy1 within PMMA nanoparticles was followed by UV-Vis spectroscopic analysis of the obtained suspension (at λ = 633 nm) and confirmed by the presence of Cy1 typic absorption bands at 455, 633 and 668 nm. Additionally, by comparing the spectra obtained for 0 µM, 10 µM and 500 µM CTAB conditions, it was confirmed that Cy1 incorporation is determined by the concentration of CTAB in the aqueous phase (Figure 6). Maximum Cy1 incorporation was attained for 500 µM CTAB, with the maximum amount of Cy1 entrapped in the PMMA matrix calculated to be 20.1 µg (12.4 µM). This was translated into more intense absorbance peaks at 633 and 668 nm and a blue colouration (Figure 6a). The retention of the original Cy1 band centred at 668 nm for CTAB 500 µM nanoparticles also supports the preferable encapsulation and protection of Cy1 within the PMMA matrix of the nanoparticles. This is contrary to the spectra obtained for 0 µM and 10 µM CTAB concentrations, where a coordination-like shift of the original Cy1 absorbance spectra, seen as a prevalence of the 633 nm peak (similar to those obtained during metal coordination), points towards some degree of deprotection and hydration of Cy1 molecules (Figure 6b,c and Figure S6).



The CTAB Cy1-doped PMMA nanoparticles were obtained in the form of a stable blue aqueous dispersion, with those synthesized with 500 µM CTAB having an average hydrodynamic diameter of 272.5 ± 3.8 nm (PDI = 0.202 ± 0.019, n = 6). The stability of the final nanoparticles was assessed via their zeta potential, which shifted from ca. −28 mV, for 0 µM CTAB, to its maximum of 46 ± 2 mV, for 500 µM CTAB, as expected. FTIR analysis of the suspension obtained with 500 µM CTAB revealed, after subtraction of water peaks, the typical peaks of CTAB (2888 and 1463 cm−1) and PMMA (2997 and 1192 cm−1), as well as those corresponding to =CH bonding (886 cm−1) and the imidazole group (C-N stretch: 1041 cm−1) in Cy1 (Figure S2). Thus, the analysis confirmed the successful synthesis of Cy1-doped PMMA nanoparticles.



Due to their higher stability and Cy1 incorporation, only Cy1-doped PMMA nanoparticles obtained with 500 µM CTAB were used in metal sensing studies. Zn2+, Cd2+, Cu2+, Co2+, Ni2+ and Hg2+ metal ions were tested, but only Cu2+ metal ions suggested a colourimetric selectivity, as solution studies in Cy1 (see Figures S5–S7). In the case of Hg2+ metal ions, the addition of 20 equivalents lead also to a change in colour from blue to purple, followed by the formation of a precipitate arising from nanoparticles aggregation. At lower concentrations of Hg2+ (up to 15 equivalents), such behaviour was not observed.



The sensorial ability of Cy1-doped PMMA nanoparticles towards Cu2+ metal ions in water was evaluated by titrating the nanoparticles suspension with small amounts of Cu2+ ions from a stock solution of 0.01M. Absorption spectra were collected for all Cu2+ additions, from 0 to 33.3 equivalents, i.e., Cu2+ concentrations from 0 to 60 ppm. As can be perceived from Figure 7, even when inside the PMMA matrix, Cy1 is still sensitive towards Cu2+ ions, promoting Cy1-Cu2+ complexation and a subsequent decrease in the intensity of the peaks at 633 and 668 nm. This phenomenon was accompanied by a total loss of colour, with the PMMA nanoparticles suspension changing from blue to colourless.



These results demonstrate that the incorporation of Cy1 within the matrix of PMMA nanoparticles does not hinder the probe capacity to sense Cu2+, with 2 ppm of Cu2+ ions inducing a significant 18% reduction in the intensity of Cy1’s 668 nm peak. A 50% reduction at 668 nm band intensity is obtained at just 7 ppm, whereas an almost total quenching is obtained at 22 ppm. These results are in line with the ones obtained for the mesoporous system, whose sensitivity is similar to that of the polymeric approach.





4. Conclusions


In summary, a cyanine@imidazole derivative Cy1 was successfully synthesized and employed for metal sensing in solution. Cy1 showed a colourimetric behaviour upon the addition of metal ions, with a colour change from pale green to blue in the presence of all tested metal ions except for Cu2+ ions, in which case a colour change from pale green to colourless was visualized. Stoichiometry of two ligands per metal ion was postulated for all ions, with the lowest detectable and quantified amounts obtained for Cu2+ and Hg2+ metal ions. Naked-eye detectable amounts of 2.1 ppm and 2.9 ppm were visualized for Cu2+ and Hg2+ ions in acetonitrile, respectively. Furthermore, Cy1 was successfully incorporated into mesoporous silica and PMMA nanoparticles, enabling metal detection in aqueous media. Cy1@ doped MNs and Cy1@ doped PMMA nanoparticles were shown to be very sensitive to Cu2+ ions in water, with similar colourimetric behaviour to that of the free Cy1 in acetonitrile. Both systems allow for the detection of very low concentrations of copper, at the ppm range, without the need for further instrumentation.
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The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/chemosensors10020080/s1, Figure S1: Mesoporous silica nanoparticle Characterization. (A)—TEM image of MNs, (B)—FT-IR spectra of MNs; Figure S2: FTIR spectra, after water subtraction, of the aqueous suspension of Cy1-doped PMMA nanoparticles, acquired with 500 µM CTAB; Figure S3: Spectrophotometric titrations of dye Cy1 with the addition of Cd2+ (A), Ni2+ (B), Co2+ (C) and Hg2+ (D) in acetonitrile. The inset (A to D) represents the absorption at 455 nm, 633 nm and 668 nm, as function of [Cd2+]/[Cy1], [Ni2+]/[Cy1], [Co2+]/[Cy1] and [Hg2+]/[Cy1], respectively. ([Cy1] = 5.8 × 10−6 M, λexc= 668 nm, T = 295 K); Figure S4: Absorption (A) at 668 nm and emission (B) at 785 nm in acetonitrile, with the fitting determined by HypSpec Program, as function of [Cu2+]/[Cy1] (A,B). [Cy1] = 5.8 × 10−6 M, λexc = 668 nm, T = 295 K); Figure S5: Naked-eye assessment of the colourimetric selectivity of Cy1 (1 × 10−5 M) for Cu2+ metal ions (0.5 equivalents) upon the addition of other metal ions (1 equivalent) in acetonitrile. 1—Cy1, 2—Cy1 + Mn+ (Zn2+, Cd2+, Co2+, Ni2+ and Hg2+), 3—Cy1 + Cu2+, 4—Cy1 + Cu2+ + Zn2+, 5—Cy1 + Cu2+ + Cd2+, 6—Cy1 + Cu2+ + Co2+, 7—Cy1 + Cu2+ + Ni2+, 8—Cy1 + Cu2+ + Hg2+. A and B are duplicates; Figure S6: Naked-eye assessment of Cy1 (1 × 10−5 M) in different ratios of acetonitrile (ACN) and water (H2O). F and G are duplicates; Figure S7: Naked-eye image of Cy1@PMMA nanoparticles upon the addition of 20 equivalents of the metal ions in water.
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Figure 1. (A) General synthetic pathway for Cy1. (B) Absorption and emission spectra of Cy1 in acetonitrile. [Cy1] = 5.8 × 10−6 M, λexc. = 668 nm. 
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Figure 2. Spectrophotometric (A,B) titrations of dye Cy1 with the addition of Zn2+ and Cu2+ in acetonitrile. The inset (A,B) represents the absorption at 455 nm, 633 nm and 668 nm, as function of [Zn2+]/[Cy1] and [Cu2+]/[Cy1], respectively, and the colourimetric changes upon the addition of the different metal ions, Cu2+ and Mn+: Zn2+, Cd2+, Co2+, Ni2+ and Hg2+. ([Cy1] = 5.8 × 10−6 M, λexc = 668 nm, and T = 295 K). Spectrofluorimetric titration of Cy1 (C) with the addition of Cu2+ in acetonitrile; the inset shows the emission at 785 nm as a function of [Cu2+]/[Cy1]. Proposed structure of the metal complexes for Cy1. 
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Figure 3. Schematic overview of the synthesis process of Cy1-doped mesoporous silica nanoparticles. Colourimetric alterations of mesoporous silica nanoparticles before (a) and after (b) Cy1 derivative incorporation. 
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Figure 4. Colourimetric alterations of Cy1-doped MNs after Cu2+ exposure. 
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Figure 5. Synthesis of Cy1 doped PMMA nanoparticles. 






Figure 5. Synthesis of Cy1 doped PMMA nanoparticles.



[image: Chemosensors 10 00080 g005]







[image: Chemosensors 10 00080 g006 550] 





Figure 6. Absorption spectra and images of Cy1-doped PMMA nanoparticles synthesized with (a) 0, (b) 10 and (c) 500 µM of CTAB. 
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Figure 7. Absorption spectra of Cy1 doped PMMA nanoparticles (500 µM CTAB) and colourimetric aspect, in water, before and after titration, with increasing volumes of a 0.01 M Cu2+ aqueous solution from 0 to 33.3 equivalents (0 to 60 ppm, respectively); inset depicts absorption variations at 455, 633 and 668 nm. 
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[image: Chemosensors 10 00080 g007]







[image: Table] 





Table 1. Minimal detectable (MDA) and quantified amounts (MQA) of metal ions by Cy1. Stability association constants of Cy1 with metal ions in acetonitrile (σ is an estimate of the average experimental error, a determined by absorption, b by emission).
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	Metal (M)
	MDA (nM)
	MQA (nM)
	Association Constants (LogKass.), σ L:M





	Zn2+
	39
	77
	12.68 ± 0.16 a (2:1) a



	Cu2+
	37
	74
	14.76 ± 0.09 a/14.79 ± 0.06 b (2:1)



	Cd2+
	74
	99
	12.62 ± 0.08 a (2:1)



	Co2+
	65
	87
	12.80 ± 0.01 a (2:1)



	Ni2+
	56
	93
	12.08 ± 0.02 a (2:1)



	Hg2+
	31
	62
	14.05 ± 0.06 a (2:1)
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