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Abstract

:

The development of methodologies to sense glyphosate has gained momentum due to its toxicological and ecotoxicological effects. In this work, a red-emitting and polymerizable guanidinium benzoxadiazole probe was developed for the fluorescence detection of glyphosate. The interaction of the fluorescent probe and the tetrabutylammonium salt of glyphosate was studied via UV/vis absorption and fluorescence spectroscopy in chloroform and acetonitrile. The selective recognition of glyphosate was achieved by preparing molecularly imprinted polymers, able to discriminate against other common herbicides such as 2,4-dichlorophenoxyacetic acid (2,4-D) and 3,6-dichloro-2-methoxybenzoic acid (dicamba), as thin layers on submicron silica particles. The limits of detection of 4.8 µM and 0.6 µM were obtained for the sensing of glyphosate in chloroform and acetonitrile, respectively. The reported system shows promise for future application in the sensing of glyphosate through further optimization of the dye and the implementation of a biphasic assay with water/organic solvent mixtures for sensing in aqueous environmental samples.






Keywords:


glyphosate; guanidinium receptors; fluorescent probes; molecularly imprinted polymers; core-shell particles












1. Introduction


Globally, glyphosate (GPS) is the most widely used herbicide, its use increasing exponentially after the introduction of glyphosate-resistant transgenic crops in 1996 [1,2,3]. In the past decade, therefore, interest in methods for its determination in environmental samples has grown because of its toxicological [4] and ecotoxicological effects [5,6], as well as its occurrence in water reserves and food [7]. In 2015, the International Agency for Research on Cancer classified GPS as “probably carcinogenic to humans” [4]. Thus, the development of methodologies to detect GPS has gained relevance in recent years, especially with respect to approaches that are reasonably simple and cost-effective, and that are potentially suitable for use outside of a dedicated laboratory and closer to an actual point of need, enabling preventive action [8].



GPS is a dimensionally small, linear, aliphatic molecule bearing three protic groups, a carboxylic acid, a phosphonic acid and an amino group (Scheme 1) [9].



GPS is, thus, highly polar; it does not show sizable absorption or fluorescence in the UV/vis spectral range and remains charged over a broad pH range in aqueous environments, rendering its detection and analysis using common approaches more complex [10]. Presently, GPS is mainly analyzed via liquid chromatography and/or mass spectrometry [11,12], but derivatization is commonly required to enhance solubility in the organic solvents used for analysis and/or to equip GPS with a detectable tag, such as a fluorescent label. Derivatization, however, is time-consuming and can potentially lead to undesired by-products [11]. In terms of the quest for mobile analytical approaches, the previously listed methods require a laboratory environment. More suitable approaches for onsite analysis would be the use of optical or electrochemical detection techniques [13,14]. For colorless, non-fluorescent and redox-inactive analytes, such methods are usually realized in such a way that the analyte interacts or reacts with a probe, indicator, or mediator, thus modulating the latter’s spectroscopic or redox behavior. Whereas electrochemical detection is in most cases indirect, the direct photoluminescence detection of GPS has been achieved by utilizing carbon dots [15,16,17,18], quantum dots [19,20], gold nanomaterials [21,22,23,24], or various other nanoparticles [25,26,27] with luminescence emission of between 350 and 615 nm. However, reports are scarce regarding the detection of GPS with fluorescent molecular probes [14,28,29], although the latter is perhaps the most straightforward way of directly translating a binding event of a small molecule into a measurable signal, allowing for sensitive detection [28,29]. Moreover, of these few reports, only Pouessel et al., as well as Jenkins et al., who co-imprinted luminescent Eu3+ with GPS into a polystyrene matrix, use the direct supramolecular binding of GPS [30,31]; the other works use indirect displacement approaches [14,32]. In principle, GPS, with its high number of functional groups in a small molecule, should be well-suited for being targeted via supramolecular chemistry approaches. However, the challenge that remains is connected to the fact that the supramolecular recognition and signaling of carboxylic and phosphonic acids, the terminal groups in GPS, rely on hydrogen bonding, yet GPS is virtually insoluble in organic solvents. The quest was, thus, to design a molecular recognition and indication system that bridges this apparent gap.



In terms of realizing an optical assay for GPS, fluorescent molecular probes that emit in the red or near infra-red (NIR) spectral range, exhibiting sizeable Stokes shifts to separate excitation and emitted light by simple instrumental means, as well as showing enhanced binding to oxoanions would be ideal. Typically, such probes utilize urea- and thiourea-binding motifs that rely on hydrogen bonding [33,34]. However, the strength of such interactions is significantly weakened in highly polar solvents. To improve the recognition ability of oxoanion probes in polar sensing media, organic guanidiniums can be used as alternative binding motifs in fluorescent probes. Guanidiniums bind oxoanions through strong salt-bridge-assisted hydrogen bonds, and this interaction has also been intensively studied in aqueous environments [35,36,37,38]. However, even if favorable interaction is accomplished, such probes are not able to discriminate between various carboxylic or phosphonic acids that are naturally present in many samples. When ultimately aiming at straightforward onsite analysis, which commonly does not allow for complicated separation steps, an element endowing the system with selectivity is thus additionally required. A promising approach in this regard is the strategy of molecular imprinting, which becomes particularly attractive when polymerizable fluorescent probe derivatives are covalently integrated into a polymer network, thus combining target selectivity through a tailored network with the indication ability of a potent probe molecule [39,40]. Recently, several molecularly imprinted polymers (MIPs) have been developed for the detection of GPS, where these MIPs have been applied for the extraction, preconcentration and sample clean-up of GPS and its analogs from aqueous samples [41,42]. Additionally, MIPs have also been reported for the electrochemical sensing of GPS [43,44]. However, to the best of our knowledge, no direct optical detection for GPS has been realized using MIPs so far.



In this work, a polymerizable fluorescent guanidinium probe was developed and incorporated into few-nanometric MIP coatings on submicron carrier particles for the selective recognition of GPS, allowing its determination in the µM concentration range in highly polar organic solvents. The reported system shows promise for future application in the sensing of GPS through further optimization of the dye and/or through the implementation of a biphasic assay with water/organic solvent mixtures for sensing in aqueous environmental samples.




2. Materials and Methods


2.1. Materials


All organic solvents were purchased from Sigma Aldrich (Taufkirchen, Germany), Acros Organics (Geel, Belgium), abcr (Karlsruhe, Germany), Merck (Darmstadt, Germany) or J.T. Baker/Fisher Scientific (Schwerte, Germany), and were used without further purification unless otherwise indicated. Analytical grade GPS, hexamethyldisilazane (>99%), analytical grade 3,6-dichloro-2-methoxybenzoic acid (dicamba), 2,4-dichlorophenoxyacetic acid (2,4-D), tetrabutylammonium hydroxide (TBA-OH) 1 M methanol solution, tetraethyl orthosilicate (TEOS), 32% ammonia solution in water, (3-aminopropyl)triethoxysilane (APTES), methacrylamide (MAAm), ethylene glycol dimethacrylate (EGDMA) and aluminum oxide type 5016A basic (particle size 50–200 µm) were obtained from Sigma Aldrich/Merck. Benzoyl isothiocyanate (98%) and N-(3-dimethylaminopropyl)-N′-ethylcarbodiimide hydrochloride (≥98.0%) were purchased from ChemPur (Karlsruhe, Germany). Triethylamine and 37% hydrochloric acid were obtained from AppliChem (Darmstadt, Germany). In addition, 4-cyano-4-(phenylcarbonothioylthio)pentanoic acid (CPDB) was purchased from abcr. Ethyl chloroformate was purchased from Fluka/Sigma Aldrich (Buchs, Switzerland) and 2,2′-azobis(2,4-dimethylvaleronitril) (ABDV) initiator from Wako Chemicals (Neuss, Germany). Methylphosphonic acid (MPA) was obtained from Alfa Aesar (Karlsruhe, Germany). Milli-Q water was obtained from a Milli-Q ultrapure water purification system (Millipore Synthesis A10, Merck).




2.2. Synthesis of Benzamido((7((2(methacrycrykoyloxy)ethyl)amino)benzo[c][1,2,5]-oxadiazol-4-yl)amino)methaniminium chloride (I)


As recently described by us [45], 2-((7-aminobenzo[c][1,2,5]oxadiazol-4-yl)(methyl)amino)ethyl methacrylate (0.50 g, 1.81 mmol) was dissolved in acetone (5.0 mL) before benzoyl isothiocyanate (0.25 mL, 1.81 mmol) was added. The solution was stirred at room temperature and a red precipitate was formed. The precipitate was filtered, and 2-((7-(3-benzoylureido)benzo[c][1,2,5]oxadiazol-4-yl)(methyl)amino)ethyl methacrylate was obtained as a red solid (0.72 g, 90% yield). 1H NMR (400 MHz, CDCl3): δ (ppm) = 8.53 (d, 1H), 7.95 (d, 2H), 7.67 (t, 1H), 7.56 (t, 2H), 6.15 (d, 1H), 5.88 (s, 1H), 5.47 (s, 1H), 4.43 (t, 2H), 4.31 (t, 2H), 3.24 (s, 3H), 1.88 (s, 3H). 13C-NMR (100 MHz, CDCl3): δ (ppm) = 176.68, 167.05, 166.88, 146.88, 144.97, 136.72, 135.79, 133.76, 131.46, 129.19, 127.56, 125.88, 125.19, 113.96, 104.64, 62.58, 52.84, 40.07, 18.13. High-resolution mass spectrometry (HRMS) (ESI+): m/z calculated for C21H22N5O4S ([M+H])+ 440.1392, found ([M+H])+ 440.1441. UPLC: retention time (tR) = 4.41 min (100% peak area). The thiourea intermediate product (0.40 g, 0.91 mmol) and N-(3-dimethylaminopropyl)-N′-ethylcarbodiimide hydrochloride (0.89 g, 4.55 mmol) were dissolved in a mixture of dry acetonitrile (MeCN) (15 mL) and CH2Cl2 (6 mL). Afterward, hexamethyldisilazane (2.12 mL, 9.10 mmol) was added dropwise at 0 °C and the reaction mixture was stirred overnight at room temperature. The solution was diluted with ethyl acetate (EtOAc, 100 mL) and the organic phase was washed thrice with deionized water (100 mL). The organic phases were collected, dried over MgSO4 and concentrated in a vacuum. The reaction mixture was then purified by silica column chromatography, with a mixture of CH2Cl2:EtOAc (9:1) as the mobile phase to give a red solid intermediate, 2-((7-(3-benzoylguanidino)benzo[c][1,2,5]-oxadiazol-4-yl)(methyl)amino)ethyl methacrylate (0.34 g, 88% yield). 1H-NMR (400 MHz, CDCl3) (Figure S1): δ (ppm) = 8.07 (d, 2H), 7.51 (t, 1H), 7.44 (t, 2H), 7.09 (d, 1H), 6.10 (d, 1H), 5.89 (s, 1H), 5.47 (m, 1H), 4.42 (t, 2H), 4.29 (t, 2H), 3.21 (s, 3H), 1.81 (s, 3H). 13C-NMR (100 MHz, CDCl3) (Figure S2): δ (ppm) = 174.91, 167.22, 156.70, 147.99, 145.77, 136.46, 136.33, 136.03, 131.95, 128.50, 128.37, 126.71, 125.97, 116.10, 105.60, 62.84, 52.96, 40.30, 18.28. HRMS (ESI+) (Figure S5): m/z calculated for C21H23N6O4 ([M+H])+ 423.1703. Found ([M+H])+ 423.1843. UPLC: tR = 1.38 min (100% peak area). This intermediate (0.05 g, 0.12 mmol) was suspended in HCl (15 mL, 1 M) by means of ultrasonication. The reaction mixture was stirred overnight at room temperature, followed by dilution with 10 mL of H2O. The aqueous phase was then extracted thrice with CH2Cl2 (20 mL). The organic phases were collected, dried over Na2SO4, and concentrated in a vacuum. Compound I was obtained as a yellow solid (0.046, 84% yield). 1H-NMR (400 MHz, CDCl3) (Figure S3): δ (ppm) = 8.42 (d, 2H), 7.68 (t, 1H), 7.58 (t, 2H), 7.44 (d, 1H), 6.13 (d, 1H), 5.93 (s, 1H), 5.52 (m, 1H), 4.45 (t, 2H), 4.34 (t, 2H), 3.29 (s, 3H), 1.83 (s, 3H). 13C-NMR (100 MHz, CDCl3) (Figure S4): δ (ppm) = 169.52, 167.14, 155.41, 147.03, 145.53, 139.52, 135.89, 134.75, 132.33, 130.28, 129.29, 129.26, 126.25, 105.90, 103.79, 62.76, 53.33, 40.90, 18.30. HRMS (ESI−) (Figure S6): m/z calculated for C21H22N6O4Cl ([M-H])− 457.1469, found ([M-H])− 457.1371. UPLC: tR = 2.13 min (100% peak area).




2.3. Template Preparation with TBA-OH


GPS or MPA were dissolved in 500 µL of water in a 2-mL Eppendorf tube, with 10 min of sonication. Briefly, 2,4-D or dicamba were dissolved in 500 µL MeCN in a 2-mL Eppendorf tube with 10 min of sonication. To the solutions, an equimolar amount of 1M TBA-OH solution in methanol was added. The mixtures were sonicated for another 10 min, then placed in a vacuum concentrator and dried in a vacuum overnight to give the corresponding templates.




2.4. MIP Synthesis in CHCl3 and MeCN


The inhibitor was removed from EGDMA before polymerization by passing through a column packed with basic alumina. First, 0.8 mg I (1.72 µmol) and 4.4 mg MAAm (51.7 µmol) were dissolved in 5 mL MeCN or CHCl3. Then, 48.9 µL of EGDMA (259.5 µmol) was added to each mixture, and sonication was performed for 5 min. Then, 2 mL each of both solutions were added to brown glass vials, each containing 30 mg of reversible-addition fragmentation chain transfer (RAFT) agent modified SiO2 particles (RAFT@SiO2), see Sections 2–6, Supplementary Material [46]. At this point, 0.3 mg GPS-TBA (0.69 µmol) and 0.2 mg MPA-TBA (0.69 µmol) (to serve as a “dummy” template for the “dummy” NIPs or dNIPs) were separately dissolved in 100 µL MeCN or CHCl3. These template solutions were added to separate vials containing the particles and the suspensions were sonicated for 5 min. Then, 6 mg ABDV (24.1 µmol) was dissolved in 3.6 mL MeCN or CHCl3 and 0.9 mL ABDV solution was added to each vial. Thereafter, the suspensions were degassed for 10 min with argon under ice, then heated to 50 °C with mixing at 700 rpm for 24 h. The temperature was then increased to 70 °C for 2 h, after which the particles were precipitated with 3 mL MeCN. The MIPs and dNIPs were then washed three times with 2 mL of MeCN and underwent centrifugation at 10,000× g for 5 min, with 5 min of sonication between each wash. The particles with MIP or dNIP shells on SiO2 particles, MIPa@SiO2, MIPb@SiO2, dNIPa@SiO2 and dNIPb@SiO2 (where “a” denotes preparation in CHCl3 and “b” denotes preparation in MeCN), were then dried overnight in a vacuum.




2.5. Instrumentation


1H and 13C NMR spectra were recorded on a Mercury 400 NMR spectrometer (Varian, Darmstadt, Germany) for synthesis characterization and on a VNMRS 500 NMR spectrometer (Varian) for 1H NMR titrations; mass spectra were obtained on an Acquity UPLC (Waters, Eschborn, Germany) with an LCT Premier XE time-of-flight mass detector (Waters) mass spectrometer. Transmission electron microscope (TEM) images were registered using a Talos F200S (200 kV) (Thermo Fisher Scientific, Dreieich, Germany). UV/vis absorption spectra were recorded on a Specord 210 Plus spectrophotometer (Analytik Jena, Jena, Germany). Steady-state fluorescence measurements were carried out on a FluoroMax-4P spectrofluorometer (Horiba Jobin–Yvon, Bensheim, Germany). Standard 10 mm path length quartz cuvettes were used for dye and particle titrations, while circular 100 µm path length cuvettes were used to record pre-polymerization spectra using front-face geometry. Zeta potential measurements were performed with a Zetasizer Nano ZS (Malvern Panalytical, Kassel, Germany). Thermogravimetric analyses (TGA) were carried out on a STA7200 (Hitachi High-Tech Analytical Science Uedem, Germany) thermobalance, using in a first step, a nitrogen atmosphere (80 mL min−1) with a heating program consisting of a ramp of 10 °C min−1 from 25 °C to 600 °C, and, in a second step, an oxidant atmosphere (air, 80 mL min−1) from 600 °C until 1000 °C, with a heating program consisting of a ramp of 10 °C min−1. Elemental analysis measurements were performed on a Carbon/Sulfur Analyzer CS-800 (Eltra, Haan, Germany). BET isotherm data was acquired by N2 adsorption/desorption on an ASAP 2010 instrument (Micromeritics, Unterschleißheim, Germany).




2.6. Particle Characterization


For TEM measurements, 1 mg mL−1 particle suspensions were prepared in CHCl3 or MeCN, with 9 µL of this mixture placed on a copper grid and left to dry. Images were analyzed with ImageJ software (National Institutes of Health and the Laboratory for Optical and Computational Instrumentation) [47]. To determine the diameter of the particles, data from 100 particles were collected, and the average and standard deviation of the measurements were calculated. To determine MIP and dNIP shell thickness, data from 20 particles were collected, and the average and standard deviation of the measurements were calculated.



For zeta potential determination, 0.04 mg mL−1 particle suspensions were prepared in Milli-Q water (pH 6) and the zeta potential was measured using disposable folded capillary cells.



For fluorescence titrations, 1.0 mg mL−1 suspensions of the MIP and dNIP particles were prepared in MeCN or CHCl3. For titrations with MIPa@SiO2, dNIPa@SiO2 and MIPb@SiO2, dNIPb@SiO2, 1 mM solutions of GPS-TBA, 2,4 D-TBA and dicamba-TBA were prepared in CHCl3 and MeCN, respectively. Increasing volumes of the template solutions were added to 2 mL suspensions of the MIP and dNIP particles; after 2 min of mixing for equilibration, the resultant fluorescence spectra were recorded. Subsequently,     Δ F    F 0    =      F x  −  F 0     F 0      was calculated for each fluorescence spectrum of the MIP and dNIP (where    F x    is the fluorescence intensity at a certain wavelength for each spectrum after template addition, while    F 0    is the fluorescence intensity at the respective wavelength before the addition of the template). The imprinting factors (IF) were determined from the MIP:dNIP ratio of     Δ F    F 0      at the saturation point of the titration. The discrimination factors (DF) were determined from the ratio of     Δ F    F 0      for GPS-TBA versus the competing template at the saturation point of the titration.





3. Results


The great majority of the current approaches target GPS with fluorescence assays relying on luminescent probes, irrespective of whether those are dyes or nanoparticles. These approaches have either used displacement assays, partly involving dye or quencher displacement, partly particle aggregation [15,16,18,19,21,26,27], competitive formats [17,20,22,25], or rather complex assay architectures [23,24], which are all not only indirect but also do not allow for sensing of the analyte—once the dye/quencher has been displaced, or competitive binding has occurred, the test cannot be easily reused. Because our aim is to move toward the direct sensing of GPS, we embarked on the development of a GPS-selective fluorescent probe that also fulfills the application-oriented requirements of absorption in the visible spectral range and a strongly Stokes-shifted emission in the red-to-NIR range, so that instrumentation can be kept simple. In contrast to what has been previously realized in the few direct approaches, for instance, with a photoinduced electron transfer-type probe in the UV/vis region [30], we thus elaborated our concept of dimensionally small charge transfer (CT)-type fluorescent probe monomers [48] and integrated a second electron-donating unit into the fluorophore architecture, arriving at compound I (Figure 1a). CT processes guarantee well-separated bands and analyte-induced spectral shifts, which are beneficial for optical sensing in the context just mentioned.



3.1. Interaction of I with GPS-TBA in CHCl3 and MeCN


Compound I is a donor-acceptor-donor (push-pull-push)-substituted fluorescent molecular probe, designed to show a CT character upon optical excitation. It thus presents broad absorption bands (Figure 1 and Figure S7) centered at 446 nm and 444 nm, with a full width at half-maximum (FWHM) of 87 nm and 84 nm in CHCl3 and acetonitrile (MeCN), respectively. Consequently, the fluorescence emission bands of I, centered at 622 nm and 652 nm, are broad as well (Figure 1 and Figure S7) with FWHM of 154 nm and 163 nm in CHCl3 and MeCN, respectively. Thus, the dye exhibits desirable emission maxima in the red spectral range in the two solvents investigated. In addition, the Stokes shifts of 176 nm and 208 nm that were obtained for I in CHCl3 and MeCN suggest that the absorption and fluorescence bands are well-separated, which is desirable as it increases signal-to-noise ratios and reduces self-quenching [49]. In photophysical terms, after employing the empirical λ2 correction for the fluorescence spectra [50], the Stokes shifts amount to 6700 and 7470 cm−1.



The guanidinium binding unit of I operates through salt bridge-assisted hydrogen bonding (Figure 1a). Direct π-conjugation of the binding unit to the fluorophore guarantees that such a binding of the analyte is transduced into a spectroscopic response. Accordingly, the interaction of I with oxoanions results in a decrease and a bathochromic shift of both the absorption and the emission spectra.



Guanidinium receptors have been widely used as sensing moieties for oxoanions via a hydrogen bonding mechanism, which is favored in organic solvents [51,52,53,54].



GPS is a polyprotic acid carrying different ionizable groups (carboxylic acid, amino, phosphonic acid). Although there is still a debate about the different structures and conformations involved in the de/protonation equilibria, as well as the absolute pKa data, recent studies suggest that the order of successive deprotonation of net neutral GPS is: carboxylate (pKa1 = 1.6–2.4), amino (pKa2 = 5.2–6.0), phosphonate (pKa3 = 9.7–11.0) [9,54,55]. When GPS is dissolved in water, anionic and zwitterionic structures are thus formed. It is also known that GPS is able to form strong hydrogen bonds in the solid state, which renders it insoluble in organic solvents [55]. Thus, tetrabutylammonium hydroxide (TBA-OH) was chosen as the auxiliary reagent for obtaining GPS-TBA in water without the presence of other anions, which is then readily soluble in organic solvents after drying. To keep the overall species number small, equimolar amounts of TBA-OH were used so that upon redissolution in organic solvents, a monoanionic species, TBA+/−HO3P–CH2–NH–CH2–COOH, might result, possibly being accompanied by TBA+/−HO3P–CH2–NH2+–CH2–COO− in highly polar organic media. However, independent of the structural diversity of GPS, the use of TBA+ as a counterion makes it possible to form a stable hydrogen-bonded complex with the guanidinium receptor of I in organic solvents (Figure 1a). The binding of an anion to the guanidinium receptor, which is one of the two donor units in the chromophore fragment of I, enhances the electron richness of this unit, thus reinforcing the CT character and leading to redshifts. In the following, the interaction of I with GPS-TBA was investigated via absorption and fluorescence titrations in CHCl3 and MeCN.



Upon the addition of GPS-TBA to a dilute solution of I in CHCl3, a bathochromic shift was observed, accompanied by a decrease of absorption and fluorescence signals (see Figure 1b,c). Additionally, a 5-nm shift was discovered in absorption with an isosbestic point at 474 nm, while a 15-nm shift was recorded in the fluorescence emission. Upon titration of I with GPS-TBA in MeCN, a more polar solvent, smaller bathochromic shifts were observed (a 3-nm red shift in absorption and a 12-nm shift in fluorescence emission) (Figure 1d,e). An isosbestic point in the absorption spectra was observed at 483 nm. The corresponding excitation spectra, before and after the formation of the complex between I and GPS-TBA, reveal that the fluorescence emission stems from these two species (Figure S8).



Comparison of the binding behavior in CHCl3 and MeCN at equimolar concentrations showed that the saturation in MeCN occurred with < 0.8 equivalents of GPS-TBA, compared to 0.9–1 equivalents of GPS-TBA in CHCl3 (Figure 2), indicating a more complex binding stoichiometry between I and GPS-TBA in CHCl3 and MeCN than a single 1:1 complex (for details on binding constant determination, see Section 9, Supplementary Material; [56]).



To further investigate this behavior, Job plots were constructed for GPS-TBA, with I in CHCl3 and MeCN. The contribution of I-GPS-TBA to the changes in the absorption signal of the dye-template mixture (Yλ) was plotted against the molar ratio of GPS-TBA [57]. In CHCl3, it was found that 2 moles of GPS-TBA could form a complex with 3 moles of I (I:GPS-TBA 1.5:1 stoichiometry, see Figure 3a and Figure S9a, Supplementary Material). Higher-order broken stoichiometries such as 3:2 are commonly not encountered at dilute concentrations for species that possess either only one or two binding sites; therefore, we tentatively assume that the apparent 1.5:1 stoichiometry is, in fact, a mixture of a 1:1 and a 2:1 stoichiometry. Because the binding behavior can be even more complex and involve different host-to-guest orientation, and orientation and stoichiometry can themselves be solvent-dependent, the data were pragmatically fitted to 1:1 or 2:1 binding models to derive information about complex stabilities that would be important for the MIP formation step [56]. For CHCl3, the titration data fitted best to a 1:1 stoichiometry, with an apparent complex stability constant:    K   I - GPS - TBA      CHCl  3      = 3.5 (±0.5) × 107 M−1. On the other hand, in MeCN, 1 mole of GPS-TBA complexed with 2 moles of I (I:GPS-TBA 2:1 stoichiometry, see Figure 3b and Figure S9b, Supplementary Material). Consequently, the titration data in MeCN fit a 2:1 binding model where    K   I - GPS - TBA    MeCN     = 6.9 (±1.3) × 106 M−1 and    K   I 2   - GPS - TBA      MeCN    = 7.8 (±0.2) × 103 M−1 [56,58]. These values are comparable to the binding strengths observed for similar systems [51] and also indicate that the formation of the 2:1 complex is aggravated with respect to the 1:1 complex in MeCN.



The differences in the binding stoichiometries were attributed to the polyprotic nature of GPS-TBA. Although an equimolar amount of TBA-OH was used to facilitate the dissolution of GPS yet avoid the formation of GPS-TBA2, i.e., TBA+/−HO3P–CH2–NH–CH2–COO−/TBA+, the presence of several protic groups in the molecule could still result in different species in CHCl3 and MeCN, as described above. In aqueous media, GPS is known to form a zwitterionic species even in the net neutral state, at a strongly acidic pH, and a dianionic species at a neutral pH. In organic solvents, progressively destabilizing ionic species with decreasing polarity of the solvent, the formation of less charged species is favored. CHCl3 is a medium polar solvent, in which the ionic forms of GPS (Figure 1a, middle and right) would be less energetically stable. The addition of equimolar amounts of TBA-OH should, thus, preferentially result in the formation of the species shown in Figure 1a, left. However, the binding stoichiometry could be a mixture of a 1:1 and a 2:1 model when more than the species shown in Figure 1a, left, are present. Yet, Figure 4a suggests that the 1:1 model is prevalent. On the other hand, the zwitterionic form of GPS may be more stable in the polar environment provided by MeCN (Figure 1a, middle and right). Consequently, two anionic groups can be present to which I can bind, resulting in an I:GPS-TBA 2:1 stoichiometry (Figure 1a, left and middle; Figure 4b), though 1:1 complexation is clearly favored. NMR titration studies performed in CD3CN also revealed that the 1:1 interaction should be the dominant binding mode (Figures S10–S16, Section 11, Supplementary Material).



Even if different complexes can (co-)exist, stoichiometric imprinting can be performed with binding constants >103 M−1 to ensure the adequate complexation of the target analyte in the pre-polymerization mixture [59]. The binding constants obtained for I and GPS-TBA were satisfactory in this regard, and MIP synthesis could be performed.




3.2. Synthesis and Characterization of Molecularly Imprinted Polymer Particles


MIPs, synthesized as a thin layer on a substrate, allow the analyte to penetrate the matrix more easily, eventually reaching the binding sites, compared to bulk MIPs. Therefore, sub-micron silica particles were used as supports for MIP synthesis due to their ease of preparation and functionalization. The silica particles were grafted with RAFT groups to facilitate controlled polymerization on the particle surface.



The synthesis and functionalization of the silica particles were according to our previous work [46,60]. First, the silica particles were grafted with amino groups by a reaction with APTES, followed by the condensation of the amino groups with the carboxylic acid group of a RAFT agent, CPDB (Figure 5a). The different synthesis and functionalization steps of the silica particles led to changes in the particle surface properties, as revealed by zeta potential measurements (see Figure S17, Supplementary Material). As expected in purified water at pH 6, silica particles yielded a negative surface charge due to the presence of silanol groups. APTES modification introduced amino groups on the surface, leading to a net positive surface charge in APTES@SiO2, whose magnitude was reduced after reaction with CPDB to graft RAFT groups onto the surface, yielding RAFT@SiO2. The amount of the RAFT groups was determined by the elemental analysis of sulfur (0.2123%) to be 0.033 mmol g−1. Based on the specific surface area of the silica particles, determined from porosimetry (20.06 m2 g−1), the density of RAFT groups on the particle surface was determined to 1.0 RAFT groups nm−2 (see Figure S18, Supplementary Material).



In addition to the probe monomers and templates, other comonomers were employed for MIP synthesis. Methacrylamide (MAAm) and ethylene glycol dimethacrylate (EGDMA) were chosen as the comonomer and crosslinker, respectively (Figure 5b). In previous reports we published, describing a similar system, MAAm did not affect complex formation between a fluorescent sensing monomer and the target template [60], and EGDMA is widely used in the synthesis of MIP sensors when addressing polar analytes. The combination of fluorescent monomer I, GPS template, MAAm and EGDMA was expected to lead to the formation of high-affinity cavities for the binding of GPS templates in the MIP layer (Figure 5c).



Non-imprinted polymer particles (NIPs) were concurrently synthesized to compensate for non-specific interactions. We have previously shown that conventional NIPs, prepared without a template, possess a random arrangement of functional monomers that could result in high unspecific binding, but the inclusion of a “dummy” template helps to orient the functional groups in a manner that is similar to the MIP, such that the surface characteristics of the resulting polymer shell in the “dummy” NIP (dNIP) particles resemble those of the MIPs [61]. Accordingly, methyl phosphonic acid (MPA)-TBA (Figure 5c) was employed as a “dummy” template for the synthesis of “dummy” NIPs (dNIPs) with I, since the MPA anion, which contains the phosphonic acid group and is a known metabolite of GPS, was expected to interact with I in a comparable manner, i.e., through stoichiometric 1:1 complex formation (Figure S19, Supplementary Material).



Compared to titrations in dilute solution, higher concentrations of the probe are used in the polymerization reaction. The stability of the probe–template complexes in the presence of other polymerization components used in polymer synthesis was crucial to ensure the formation of high-affinity binding sites in the MIPs. Consequently, the UV/vis absorption and fluorescence spectra of the pre-polymerization mixtures were recorded in the presence and absence of the template, to determine if the bathochromic shifts observed in the dilute solution after analyte addition were retained at higher concentrations in the presence of MAAm and EGDMA.



To achieve the strongest possible responses in a MIP, a stoichiometry of I:GPS-TBA (or MPA-TBA) was chosen that allows for maximal spectroscopic changes in the pre-polymerization mixtures involving MeCN or CHCl3, as well as MAAm and EGDMA, ensuring the formation of high-affinity binding sites (see Figures S20 and S21, Supplementary Material, Table 1). Because the concentration range used for polymerization and the components in the system differ significantly from those of the host–guest model studies described above, this practical approach is more suitable for MIP synthesis. Moreover, for optically responding MIPs, it is also beneficial when all the fluorescent probe monomers are engaged in complexation in a defined way upon starting the polymerization, and when the single fluorophore units are well separated in the polymer matrix, avoiding fluorophore crosstalk. In this regard, the employment of equimolar amounts of I and GPS-TBA yielded the best results under pre-polymerization conditions. MIP and dNIP particles were therefore synthesized, applying 1:1 stoichiometry of I and GPS-TBA. The resulting particles were washed excessively with MeCN to remove the template. MIPa@SiO2 and dNIPa@SiO2, i.e., MIP or dNIP shells on silica core particles, were synthesized in CHCl3, and MIPb@SiO2 and dNIPb@SiO2 in MeCN.



The synthesized core-shell MIP and dNIP particles were characterized by thermogravimetric analysis (TGA) and transmission electron microscopy (TEM). The TGA measurements showed changes in the mass loss upon the combustion of organic groups in all particles (Figure 6a). Particles prepared in MeCN (MIPb@SiO2 and dNIPb@SiO2) displayed higher mass loss compared to particles prepared in CHCl3 (MIPa@SiO2 and dNIPa@SiO2). Apparently, the larger mass loss from the RAFT@SiO2, occurring at 150–220 °C, was due to the presence of adsorbed organic matter on the surface of the functionalized particles that were dislodged after MIP synthesis, as we also previously reported [60]. From TEM measurements, the diameter of the core silica particles was determined to be 272 ± 22 nm (Figure 6b(i)). The polymer shell thickness for the different particles varied significantly for the MIP and dNIP particles, depending on the porogen used (Figure 6b(iv–vii)).



Table 2 summarizes the polymer shell thickness for the MIP and dNIP particles, as well as the amount of dye incorporated into the polymer shell (see Supplementary Material for further details). Particles prepared in MeCN (MIPb@SiO2 and dNIPb@SiO2) possessed shells thicker than 30 nm, while in CHCl3 (MIPa@SiO2 and dNIPa@SiO2), 2–3 nm polymer shells were obtained, which is in good agreement with the higher mass loss obtained from TGA measurements in the case of MIPb@SiO2 and dNIPb@SiO2 (Figure 6a).



Although the recipe used for the preparation of MIPs with I in both solvents was identical, the particles prepared in MeCN had polymer shells that were 15-fold thicker than those prepared in CHCl3, and the amount of dye incorporated into the MeCN-prepared particles was 6-fold larger. This indicates differences in the polymerization behavior of the system components in the two solvents. CHCl3 has been reported as a solvent to which the chain transfer of growing polymer chains can occur [62], which could result in the formation of polymer in solution rather than on the particle surface, such that polymer is lost during the washing steps [63]. Such processes are not expected to occur in MeCN, and this may explain the thinner polymer shells obtained when CHCl3 was used as the porogen.




3.3. Comparison of Fluorescence Sensing Performance of MIP Particles in CHCl3 and MeCN


Due to the incorporation of fluorescent probes into the polymer matrix, the selectivity of the MIP and dNIP particles could be directly evaluated through fluorescence titrations of the particles with the corresponding analytes. The particles were suspended in the corresponding solvents (CHCl3 or MeCN) and the suspension was placed in a quartz cuvette. A solution of the template was added at increasing concentrations, and the fluorescence changes of the suspension were monitored.



The emission maximum of MIPa@SiO2, being synthesized in CHCl3, was found to be at 593 nm, which is blue-shifted compared to the one of free I in solution (622 nm, Figure 1c). This is either due to a change in polarity of the surrounding polymer network that I had been incorporated into or to restricted motion in the crosslinked matrix. It is well known that when the solvent shell around a CT fluorophore cannot fully relax in a confined space like a polymer network, the excited state cannot be fully stabilized, resulting in blue-shifted emission spectra [64]. Upon the titration of MIPa@SiO2 against GPS-TBA in CHCl3, a quenching of the fluorescence response was obtained, alongside a bathochromic shift in emission (Figure 7a). The binding of MIPa@SiO2 with GPS-TBA fit a 1:1 stoichiometry, as observed in dilute solution, with an apparent association constant of 3.95 (±0.49) × 104 M−1. The binding strength of the MIPs was significantly lower than that of I with GPS-TBA in solution, which is possibly due to the different ionic state of GPS in the network than in bulk CHCl3. However, even though GPS and MPA are both among the dimensionally smallest components of the system and do not differ largely in size, the longest axes being 0.74 and 0.44 nm for GPS and MPA, respectively, MIPa@SiO2 bound GPS-TBA more selectively compared to dNIPa@SiO2 (Figure 7b), with an imprinting factor (IF) of 1.9 being obtained at the saturation point of the titration (Figure 7c). Moreover, MIPa@SiO2 could also discriminate efficiently against 2,4-D-TBA and dicamba-TBA, with discrimination factors (DF) of 2.1 for both pesticides, respectively (Figure 7d and Figure S22, Supplementary Material). The analytical figures of merit of MIPa@SiO2 for the sensing of GPS-TBA in CHCl3 (limit of blank, LOB and limit of detection, LOD) were calculated to be 3.2 and 4.8 µM, respectively, with a linear range of 7.9–40.8 µM (see Supplementary Material for further details; [65,66,67]).



When recording the fluorescence spectrum of MIPb@SiO2 synthesized in MeCN, in this solvent, the emission maximum was found to be at 607 nm, which is again blue-shifted compared to the one of free I in solution (652 nm, Figure 1e). Comparing the magnitude of the hypsochromic shift in MeCN vs. CHCl3, i.e., 45 nm vs. 29 nm, the confinement effects seem to be predominant as they would have a stronger effect in the more polar solvent. However, when comparing the emission maxima obtained for MIPa@SiO2 and MIPb@SiO2, there is still a redshift observed when changing from a less polar (593 nm in CHCl3) to a more polar (607 nm in MeCN) solvent as has also been observed in the diluted state. During the titration of MIPb@SiO2 against GPS-TBA in MeCN, a fluorescence quenching and a slight bathochromic shift were also observed (Figure 8a). The data fit to a 1:1 binding model, with a binding constant of 2.01 (± 0.16) × 104 M−1. This is in agreement with the species distribution diagram (Figure 4b), in which the 2:1 complex [I2-GPS-TBA] is present only in low amounts throughout the entire concentration range measured. Titration of dNIPb@SiO2 against GPS-TBA in MeCN also led to fluorescence quenching and bathochromic shifts (Figure 8b). Compared to dNIPb@SiO2, MIPb@SiO2 showed a stronger affinity for GPS-TBA, with an IF of 1.9 being obtained (Figure 8c). The cross-selectivity of MIPb@SiO2 was evaluated against 2,4-D-TBA and dicamba-TBA, yielding DFs of 1.3 and 1.8, respectively (Figure 8d and Figure S23, Supplementary Material). In contrast to MIPs prepared in CHCl3, a lower LOB and LOD were obtained for MIPb@SiO2 (0.4 and 0.6 µM, respectively) with a broader dynamic range (7.4–200 µM), the latter being tentatively attributed to the thicker MIP shell formed in MeCN (Figure S24, Supplementary Material). The response kinetics in both solvents are favorably fast (Figure S25, Supplementary Material).





4. Discussion


The fluorescent probe monomer I bound strongly to GPS-TBA in CHCl3 and MeCN via a hydrogen bonding mechanism, with binding constants in the 106–107 M−1 range. Bathochromic shifts and decreases in absorption and fluorescence signals were observed following titrations of I with increasing amounts of GPS-TBA in both solvents in dilute solution, which were retained upon titration of MIPa@SiO2 and MIPb@SiO2 with GPS-TBA. Consequently, a calibration curve could be constructed for MIPs prepared in both solvents for the sensing of GPS-TBA, and the binding constants of the MIPs to the analyte could be determined. However, with respect to discrimination against other herbicides as a crucial capability when approaching real-world applications to detect GPS in aqueous media, the MIP particles that were prepared and titrated in CHCl3 (MIPa@SiO2) performed better. The achieved LOD of 4.8 µM makes the developed MIPs a promising material by which to detect the acceptable daily intake (ADI) of GPS in water of 0.9 mg L−1 (5.32 µM), according to WHO guidelines [68]. These results are promising compared with the much higher values found for an anthracene-based supramolecular probe [30], and suggest that this approach can present an interesting, direct-sensing alternative, compared with the single-use displacement or competitive assay approaches mentioned above. MIPs operating via argon-ion laser-excited Eu3+ luminescence show comparable LODs [31].



In order to apply the materials for the detection of GPS in water, for instance, the implementation of a phase-transfer step to allow the template diffusion from an aqueous sample medium into CHCl3, where sensing can be performed, can be developed. We have recently demonstrated that fluorescent MIP particles, prepared in CHCl3, can be applied in such biphasic assays to determine analyte concentrations in water, including real-world samples [47,60,61]. Another more elegant yet also more challenging alternative would be the further advancement of the fluorescent MIP platform itself so that direct operation in aqueous mixtures becomes possible.




5. Conclusions


In conclusion, the synthesis of a red-emitting guanidinium benzoxadiazole donor-acceptor-donor fluorescent probe monomer I was reported. Dye I exhibited emission maxima in the red spectral range and sizeable Stokes shifts of 208 nm and 176 nm in MeCN and CHCl3, respectively. Such sizeable Stokes shifts are desirable as they allow for increased signal-to-noise ratios and avoid self-quenching. The ability to show spectral shifts in absorption and fluorescence upon the binding of oxoanions at the guanidinium moiety has been successfully established. The interaction between I with GPS as TBA salt, being a herbicide of high concern due to its toxicological and ecotoxicological effects, was evaluated by UV/vis absorption and fluorescence spectroscopy. Upon addition of GPS-TBA, a bathochromic shift accompanied by a decrease of absorption and fluorescence signals was observed in MeCN and CHCl3. Finally, the selective recognition of GPS-TBA in MeCN and CHCl3 in the µM concentration range was achieved by the synthesis of fluorescent molecularly imprinted polymers (MIPs) on silica core particles. Acceptable discrimination against other herbicides, such as 2,4-D and dicamba, was achieved, being somewhat better in CHCl3 than in MeCN. In particular, the LOD of 0.6 µM and the rather broad dynamic range found in MeCN suggest that the present approach is promising for the development of a final assay to detect GPS with sufficient reliability and confidence, in a relevant concentration range around the ADI of GPS in water, according to WHO guidelines, of 0.9 mg L−1 (5.32 µM) [68]. Current research in our group is devoted to device integration and further improvement of the MIP platform.




6. Patents


A patent on the content of this work has been filed ca. 1 year ago, the bibliographic details of which will be included once it has been published.
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The following are available online at https://www.mdpi.com/article/10.3390/chemosensors10030099/s1, Figure S1: 1H-NMR (400 MHz, CDCl3) spectrum of 2-((7-(3-benzoylguanidino)benzo[c][1,2,5]oxadiazol-4-yl)(methyl)amino)ethyl methacrylate, Figure S2: 13C-NMR (100 MHz, CDCl3) spectrum of 2-((7-(3-benzoylguanidino)benzo[c][1,2,5]oxadiazol-4-yl)(methyl)amino)ethyl methacrylate, Figure S3: 1H-NMR (400 MHz, CDCl3) spectrum of compound I, Figure S4: 13C-NMR (100 MHz, CDCl3) spectrum of compound I, Figure S5: HRMS spectrum of 2-((7-(3-benzoylguanidino)benzo[c][1,2,5]oxadiazol-4-yl)(methyl)amino)ethyl methacry-late. The molecular peak corresponds to the base peak at m/z = 423.1843, Figure S6: HRMS spectrum of compound I. The molecular peak is at m/z = 457.1371, Figure S7: Normalized absorption and fluorescence emission spectra (λex = 445 nm) of compound I (c[I] = 1 × 10−5 M) in MeCN and CHCl3. The black and the red curves are the absorption and the emission in MeCN, respectively; while the green and the blue curves are the absorption and the emission in CHCl3, respectively, Figure S8: (a) Excitation spectra of I (6.5 µM, λem = 622 nm, red line) upon addition of 1.4 equivalents of GPS-TBA (9.2 µM, λem = 650 nm, green line) in CHCl3. (b) Excitation spectra of I (6.5 µM, λem = 652 nm, red line) upon addition of 1.5 equivalents of GPS-TBA (9.9 µM, λem = 680 nm, green line) in MeCN, Figure S9: (a) Yλ for the different molar ratios for I and GPS-TBA in CHCl3. Red line represents 90% of I, blue line 60% of I and green line 10% of I. The binding is consistent with 1.5:1 (L:M) stoichiometry (b) Yλ for the different molar ratios for I and GPS TBA in MeCN. The red line represents 90% of I, the blue line represents 63% of I and the green line, 10% of I. The binding is consistent with 2:1 (L:M) stoichiometry, Figure S10: Numbering of the assignable protons of GPS-TBA for NMR analysis and their predicted chemical shifts (realized with ChemDraw), Figure S11: 1H-NMR spectrum of GPS-TBA in CD3CN prepared in an equimolar amount. The ratio of GPS to TBA is calculated 1.0 to 1.0. 1H-NMR (500 MHz, CD3CN): δ (ppm) = 3.29 (s, 2H), 3.09 (m, 8H), 2.85 (d, 2H), 1.60 (m, 8H), 1.36 (sext, 8H), 0.97 (t, 12H), Figure S12: 1H-NMR (500 MHz, CD3CN) spectrum of compound I, Figure S13: 1H NMR (500 MHz, CD3CN) titration spectra of I with GPS-TBA. The equivalents of GPS-TBA that are present in the different steps are (from bottom to top): 0.00, 0.33, 0.60, 0.78, 0.96, 1.30, 1.52, 1.70. The equivalents are experimentally calculated by the relation of the integral of the proton signal HC of GPS-TBA to the integral of the pro-ton signal H5 of compound I (Figures S11 and S12). The concentration of the dye is constant along the titration (cI = 5 × 10−3 M), Figure S14: Magnification of the aromatic region of the 1H NMR (500 MHz, CD3CN) titration spectra of I with GPS-TBA shown in Figure S13. The equivalents of GPS-TBA present in the different steps are (from bottom to top): 0.00, 0.33, 0.60, 0.78, 0.96, 1.30, 1.52, 1.70; cI = 5 × 10−3 M. Inverted commas denote the proton signals of complexed com-pound I, Figure S15: 1H NMR (500 MHz, CD3CN) titration spectra of GPS-TBA with I. The equivalents of compound I present in the different steps are (from bottom to top): 0.00, 0.20, 0.37, 0.53, 0.70 and 0.90. The equivalents are experimentally calculated by the relation of the integral of the proton signal H5 of compound I to the integral of the proton signal HC of GPS-TBA (Figures S11 and S12). The concentration of GPS-TBA is constant along the titration (cGPS-TBA = 5 × 10−3 M), Figure S16: Magnification of the GPS region of the 1H NMR (500 MHz, CD3CN) titration spectra of GPS-TBA with I. The equivalents of compound I present in the different steps are (from bottom to top): 0.00, 0.20, 0.37, 0.53, 0.70 and 0.90; cGPS-TBA = 5 × 10−3 M, Figure S17: Zeta potential measured at pH 6 of (i) SiO2 particles, (ii) APTES@SiO2, (iii) RAFT@SiO2, Figure S18: (a) Volume of nitrogen adsorbed per gram of SiO2 and (b) BET surface area plot, Figure S19: (a) Absorption and (b) fluorescence spectra (λex = 474 nm) for titration of I (10.8 µM) with MPA-TBA (0.4–37.2 µM) in CHCl3. Red line is spectrum of I in CHCl3, while the green line shows the spectrum of I after addition of up to 3.4 equivalents of MPA-TBA. The binding fit a 1:1 stoichiometry, with    K   I - MPA - TBA      CHCl  3     3.18 (±0.03) × 105 M−1. (c) Absorption and (d) fluorescence spectra (λex = 479 nm) for titration of I (10.0 µM) with MPA-TBA (2.0–19.8 µM) in MeCN. The red line is the spectrum of I in MeCN, while the green line shows the spectrum of I after addition of up to 2.0 equivalents of MPA-TBA. The binding fits a 1:1 stoichiometry, with    K   I - MPA - TBA    MeCN    1.18 (±0.07) × 107 M−1, Figure S20: Absorption spectra of pre-polymerization mixtures of the different MIP and dNIP particles, using a 1:1 stoichiometry of I:GPS-TBA or I:MPA-TBA. (a) Spectra in CHCl3 of I + MAAm + EGDMA (red line), I + MAAm + EGDMA + GPS-TBA (green line) and I + MAAm + EGDMA + MPA-TBA (black line). Equimolar amounts of I and GPS-TBA and I and MPA-TBA were used. (b) Spectra in MeCN of I + MAAm + EGDMA (red line), I + MAAm + EGDMA + GPS-TBA (green line) and I + MAAm + EGDMA + MPA-TBA (black line), Figure S21: Normalized absorption spectra of pre-polymerization mixtures of the MIP and dNIP particles using a 1:1 stoichiometry of I:GPS-TBA or I:MPA-TBA. (a) Spectra in CHCl3 of I + MAAm + EGDMA (red line), I + MAAm + EGDMA + GPS-TBA (green line) and I + MAAm + EGDMA + MPA-TBA (black line). (b) Spectra in MeCN of I + MAAm + EGDMA (red line), I + MAAm + EGDMA + GPS-TBA (green line) and I + MAAm + EGDMA + MPA-TBA (black line), Figure S22: Fluorescence titration spectra (λex = 474 nm), following the titration of MIPa@SiO2 in CHCl3 with up to 200 µM of (a) 2,4-D-TBA and (b) dicamba-TBA. The red line shows the spectrum of MIPa@SiO2 in CHCl3, while the green line shows the spectrum of MIPa@SiO2 after the addition of 200 µM of the corresponding template in CHCl3, Figure S23: Fluorescence titration spectra (λex = 483.5 nm) following titration of MIPb@SiO2 in MeCN with up to 200 µM of (a) 2,4-D-TBA and (b) dicamba-TBA. The red line is spectrum of MIPb@SiO2 in MeCN, while the green line shows the spectrum of MIPb@SiO2 after the addition of 200 µM of the corresponding template in MeCN, Figure S24: Logistic curve fitting using fluorescence emission intensity (a) at 593 nm for MIPa@SiO2 in CHCl3 (λex = 474 nm) and (b) at 600 nm for MIPb@SiO2 in MeCN (λex = 483.5 nm). Here, 2 mL of 1 mg mL−1 suspensions of particles in the respective solvents were used, Figure S25: Kinetics of the interaction of 2 mL of 1 mg mL−1 (a) MIPa@SiO2 in CHCl3 and (b) MIPb@SiO2 in MeCN after addition of 130 µM GPS-TBA, respectively, to the particle suspensions. The suspensions were mixed for 30 s for equilibration, after which the template solution was added and mixing continued. Similar results were expected for the dNIP particles, due to comparable shell thickness in the respective solvents. The signal decrease upon the addition of the template was virtually instantaneous in the case of CHCl3, while in MeCN, it took ca. 30 s before equilibrium was reached. This can be explained by the longer diffusion times due to the thicker MIP shells that were formed when MeCN was used as a porogen during the synthesis. Kinetics were recorded at λex = 474 nm and λem = 593 nm in CHCl3, and λex = 483 nm and λem = 600 nm in MeCN.
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Scheme 1. Polyprotic acid-base equilibria of glyphosate in aqueous media, adopted from [9]; the implications on species diversity and pKa values are discussed in Section 3. 
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Figure 1. (a) Proposed major (left) and other possible (middle, right) species of GPS-TBA and the respective hydrogen bonding interactions between I and GPS-TBA in organic solvents; color code as in Scheme 1. (b) Absorption and (c) fluorescence emission spectra (λex = 474 nm) of I (6.5 µM) upon titration with GPS-TBA in CHCl3 (0.6–9.2 µM). The red line is the spectrum of I in CHCl3, while the green line shows the spectrum of I after the addition of 1.4 equivalents of GPS-TBA. (d) Absorption and (e) fluorescence spectra (λex = 483 nm) upon titration of I (6.5 µM) with GPS-TBA in MeCN (0.1–9.9 µM). The red line is the spectrum of I in MeCN, while the green line shows the spectrum of I after the addition of 1.5 equivalents of GPS-TBA. 
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Figure 2. Comparison of relative changes in absorbance (  Δ A /  A 0   ) upon titration of I with GPS-TBA in CHCl3 (black squares) and MeCN (red circles).   Δ  A =   (   A  m a x   −  A 0   )  /  A 0   , where    A  max       is the absorbance at 446 nm (CHCl3) or 444 nm (MeCN) after each addition of GPS-TBA, while    A 0    is the absorbance of I at 446 nm (CHCl3) or 444 nm (MeCN). Fits (dotted lines) are included for better illustration. 
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Figure 3. Job plots for the titration of I with GPS-TBA in (a) CHCl3 and (b) MeCN, showing the contribution of I-GPS-TBA complex to the absorption signal (Yλ), plotted against the molar ratio of GPS-TBA in solution. 






Figure 3. Job plots for the titration of I with GPS-TBA in (a) CHCl3 and (b) MeCN, showing the contribution of I-GPS-TBA complex to the absorption signal (Yλ), plotted against the molar ratio of GPS-TBA in solution.



[image: Chemosensors 10 00099 g003]







[image: Chemosensors 10 00099 g004 550] 





Figure 4. (a) Species distribution of [I] (red squares) and [I-GPS-TBA] (green circles) during the titration in CHCl3, with fitting to 1:1 stoichiometry using BindFit. (b) Species distribution of [I] (red squares), [I-GPS-TBA] (green circles) and [I2-GPS-TBA] (blue crosses) during the titration in MeCN, with fitting to I:GPS-TBA 2:1 stoichiometry using BindFit. 
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Figure 5. (a) Synthesis scheme for MIP and dNIP particles. (b) Comonomer and crosslinker used in the synthesis of MIP/dNIP particles, and the structure of MPA-TBA, used as a “dummy” template in the synthesis of dNIPs with I. (c) Incorporation of fluorescent monomer I, template and comonomer in the polymer matrix. After MIP synthesis, the template was extracted to yield binding cavities. 






Figure 5. (a) Synthesis scheme for MIP and dNIP particles. (b) Comonomer and crosslinker used in the synthesis of MIP/dNIP particles, and the structure of MPA-TBA, used as a “dummy” template in the synthesis of dNIPs with I. (c) Incorporation of fluorescent monomer I, template and comonomer in the polymer matrix. After MIP synthesis, the template was extracted to yield binding cavities.



[image: Chemosensors 10 00099 g005]







[image: Chemosensors 10 00099 g006 550] 





Figure 6. (a) TGA mass loss curves of (i) SiO2 particles, (ii) APTES@SiO2, (iii) RAFT@SiO2, (iv) MIPa@SiO2, (v) dNIPa@SiO2, (vi) MIPb@SiO2 and (vii) dNIPb@SiO2. (b) TEM images of (i) SiO2 particles, (iv) MIPa@SiO2, (v) dNIPa@SiO2, (vi) MIPb@SiO2 and (vii) dNIPb@SiO2. Scale bar = 50 nm. 
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Figure 7. Fluorescence titration spectra of (a) MIPa@SiO2 and (b) dNIPa@SiO2 upon titration with up to 200 µM GPS-TBA in CHCl3. (c) Relative fluorescence changes,      Δ F    F 0    ,   at 593 nm of MIPa@SiO2 (black squares) and dNIPa@SiO2 (red circles) upon titration with up to 200 µM GPS-TBA in CHCl3. (d) Relative fluorescence changes,     Δ F    F 0    ,   at 593 nm of MIPa@SiO2 upon titration with up to 200 µM GPS-TBA (black squares), 2,4-D-TBA (blue circles) and dicamba-TBA (orange triangles) in CHCl3. λex = 474 nm. Here, 2 mL of 1 mg mL−1 particle suspensions in CHCl3 were used for the titrations. 
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Figure 8. Fluorescence titration spectra of (a) MIPb@SiO2 and (b) dNIPb@SiO2 upon titration with up to 200 µM GPS-TBA in MeCN. (c) Relative fluorescence changes,     Δ F    F 0    ,   at 600 nm of MIPb@SiO2 (black squares) and dNIPb@SiO2 (red circles) upon titration with up to 200 µM GPS-TBA in MeCN. (d) Relative fluorescence changes,     Δ F    F 0    ,   at 600 nm of MIPb@SiO2 upon titration with up to 200 µM GPS-TBA (black squares), 2,4-D-TBA (blue circles) and dicamba-TBA (orange triangles) in MeCN. Λex = 483 nm. Here, 2 mL of 1 mg mL−1 particle suspensions in MeCN were used in the titrations. 
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Table 1. Bathochromic shifts in absorption maxima (   λ Δ  abs     ) after the addition of the templates in dilute solution and the pre-polymerization mixtures for MIPa@SiO2, dNIPa@SiO2, MIPb@SiO2 and dNIPb@SiO2 in the corresponding solvents. Equimolar amounts of I and the template were used.
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	Sample
	    Dilute   Solution ,    λ Δ  abs     ( nm )    
	    Prepolymerization   Solution ,    λ Δ  abs     ( nm )    





	MIPa@SiO2
	5.0
	3.5



	dNIPa@SiO2
	5.0
	3.5



	MIPb@SiO2
	3.0
	2.0



	dNIPb@SiO2
	3.5
	2.5
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Table 2. Polymer shell thickness and amount of incorporated dye for the synthesized MIP and dNIP particles.
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	Sample
	Polymer Shell Thickness (nm)
	Incorporated Dye (µmol g−1 of Particles)





	MIPa@SiO2
	2.7 ± 1.3
	1.16 ± 0.03



	dNIPa@SiO2
	2.3 ± 0.9
	1.17 ± 0.03



	MIPb@SiO2
	36.6 ± 10.3
	6.33 ± 0.04



	dNIPb@SiO2
	38.1 ± 17.4
	6.14 ± 0.30
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