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Abstract

:

Carbamazepine is a crucial medication used to treat nervous system disorders, and its low level of absorption in the human body suggests that a significant amount of it may be present in sewage water. Consequently, this pioneering research deals with the synthesis and application of a luminescent sensor based on rhodamine 6 G-modified bifunctional silica particles for the determination of carbamazepine. The sensing material was fabricated in one step by the sol–gel technique and the dye was adsorbed onto the surface from an alcohol solution. The composition, morphology and size of functionalized silica particles were determined by physico-chemical methods. The material’s features provide the possibility of its application as a sensing material for carbamazepine determination at a variety of concentrations. The sensor possesses a linear response towards carbamazepine in the concentration range of 0.8–200.0 μM with a limit of detection (LOD) of 17.9 μM and a limit of quantification (LOQ) of 59.7 μM and has demonstrated reliable quantification over a wide range of concentrations, from therapeutic to high fatal concentrations. Additionally, the sensing mechanism has been proposed, which involves the formation of hydrogen bonding between carbamazepine and Rhodamine 6G immobilized bifunctional silica particles.
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1. Introduction


A considerable outtake of drugs released both from domestic and hospital units threatens the environment through undesirable ingestion and production of resistant bacteria, leading to severe impacts on public health. Pharmaceutical pollution possesses additional risks to the environmental microbiome and, moreover, disrupts the gut microbiota in the human body [1]. Therefore, it is important to develop a reliable, sensitive and simple analytical technique for the detection and quantitative determination of drugs and their residues.



Carbamazepine (Figure 1) is an essential medicine utilized for the treatment of seizures, trigeminal neuralgia, behavioral disorders in adults and children [2], schizophrenia, bipolar disorders, and—in combination with other medicals—is helpful in alcohol withdrawal therapy [3]. It is the only drug that is licensed by the Food and Drug Administration for trigeminal neuralgia therapy [4]. The treatment mechanism consists of blocking sodium channels, which leads to the inhibition of the depolarization rate and reduction of cell excitability [5]. The therapeutic dosage of carbamazepine in plasma is set at the range of 4–12 μg·L−1 [6]. Carbamazepine is metabolized in the liver with the formation of at least 33 known metabolites [3]. However, water quality service has revealed that carbamazepine is one of the most commonly identified drugs in household wastewater and, subsequently, in rivers [7]. According to [8], the concentration range varies from 0.035 to 6.3 μg·L−1.



Among carbamazepine determination methods, several analytical approaches are used: liquid and gas chromatography in combination with mass spectrometry [9,10], immunochromatographic assay [11], electrochemistry [12], sequential injection analysis [13], spectrophotometry [14,15] and luminescence [16,17]. However, most of them require special expensive equipment and highly-skilled operators, which cause additional expenses.



Luminescence is a very good alternative for avoiding these complications, due to its features: high signal intensity, specificity, selectivity and high sensitivity—and is easy to operate. Meanwhile, the luminescent sensors based on nanoparticles are perspective-sensing materials combined with a strong luminescence emission and high quantum yield, longer sensor lifetime, and the possibility of controllable synthesis and functionalization [18]. Since silica nanoparticles do not possess self-luminescent properties, their role as optical sensors is underestimated. This group of nanoparticles has great potential, owing to the flexibility of the synthesis route that allows obtaining particles with the desired size, shape, surface area and controllable surface features [19]. Moreover, the functionalization of silica nanoparticles is simple and effective with the possibility to increase their biocompatibility. The anchoring of a fluorescent dye onto the nanoparticles’ surface improves the selectivity and sensitivity of the developed sensor [20]. The combination of features of silica nanoparticles and fluorescent dye enhances the luminescent properties of the dye due to increased quantum yield and reduced quenching, which in turn makes the system useful in pharmaceutical sensing.



Herein, Rhodamine 6G (Rh6G) was utilized to enhance the luminescent properties of bifunctional silica particles with 3-aminopropyl and phenyl groups. Rhodamine 6G is a fluorescent dye, which is commonly employed as a fluorescence reference material owing to exceptional photostability and high quantum yield [21]. Furthermore, this fluorescent dye has been extensively used in the development of sensing probes for the determination of various analytes, such as Fe(III) [22], Cu(II) and Hg(II) [23], Al(III) and Cr(III) [24], cysteine [25], and hyaluronidase [26], due to its exceptional metrological characteristics. The chemical structure of Rh6G enables its modification and attachment to the surface while preserving its fluorophore properties, which is advantageous for achieving high sensor sensitivity and selectivity. Therefore, the development of the sensor was realized by the attachment of Rh6G dye to the bifunctional silica by two approaches: adsorption of the dye on the silica surface and direct incorporation of dye during the synthesis of silica NPs. Three materials were produced—SiO2/≡Si(CH2)3NH2/≡SiC6H5, SiO2/≡Si(CH2)3NH2/≡SiC6H5 + Rh6G (ads.) and SiO2/≡Si(CH2)3NH2/≡SiC6H5 + Rh6G (synt.). The synthesized materials were characterized by SEM, GSA, IR, DLS, TGA, acid-base titration analytical techniques, and ζ-potential measurements. The luminescent properties were monitored by photoluminescence spectroscopy. The highest sensor response was obtained for the SiO2/≡Si(CH2)3NH2/≡SiC6H5 + Rh6G (ads.) sample. The main analytical characteristics of the developed sensor were estimated: linearity range, limits of detection (LOD), limits of quantification (LOQ), and selectivity. The influence of pH, suspension concentration and stability, ionic strength, and contact time on the sensor response was evaluated. The assumption related to the sensing mechanism has been made, which determines the novelty of this work. Based on the experimental data, the developed luminescent sensor possesses a satisfactory result in the qualitative and quantitative determination of carbamazepine by a simple, fast and reliable analytical procedure.




2. Materials and Methods


2.1. Chemicals


All chemicals were at least of analytical grade without additional treatment before usage. Reagents applied for the synthesis of silica microspheres: tetraethyl orthosilicate TEOS (Si(OC2H5)4, 98%, Alfa Aesar, Kandel, Germany), 3-aminopropyltriethoxysilane APTES (NH2(CH2)3Si(OC2H5)3, 99%, Acros Organics, Geel, Belgium), phenyltriethoxysilane PhTES (C6H5Si(OC2H5)3, 98%, Alfa Aesar, Karlsruhe, Germany), ethyl alcohol EtOH (C2H5OH, 96%, mikroCHEM, Pezinok, Slovakia), ammonium solution (NH3·H2O, 25%, p.a., CentralChem®, Bratislava, Slovakia), and Rhodamine 6G (C28H31N2O3Cl, 99%, Acros Organics, Geel, Belgium).



Chemicals used in luminescent tests: carbamazepine (C15H12N2O, 98%, Alfa Aesar, Kandel, Germany), KCl (99.5%, mikroCHEM, Pezinok, Slovakia), NaOH (p.a., CentralChem®, Bratislava, Slovakia), HCl (35%, mikroCHEM, Pezinok, Slovakia), and methyl orange (p.a., Lachema, Brno, Czech Republic). As interferents, ofloxacin (C18H20FN3O4, 98%, Acros Organics, Geel, Belgium), ciprofloxacin (C17H18FN3O3, 98%, ThermoScientific, Kandel, Germany), doxycycline monohydrate (C22H24N2O8·H2O, 98%, ThermoScientific, Kandel, Germany), flumequine (C14H12FNO3, 98%, ThermoScientific, Kandel, Germany), norfloxacin (C16H18FN3O3, 98%, ThermoScientific, Kandel, Germany), and enrofloxacin (C19H22FN3O3, 98%, ThermoScientific, Kandel, Germany) were used with a concentration of 200 μM for each drug, as well as urea (CH4N2O, 99.5%, Sklochem-Agroekolab) with concentration 3000 μM, glucose (C6H12O6·H2O, p.a., ITES Vranov, Presov, Slovakia)—2300 μM, glycine (C2H5O2N, p.a., Lachema, Brno, Czech Republic)—7555 μM, phosphate PO43- (phosphate buffered saline tablets, Fisher Bioreagents, Geel, Belgium)—2500 μM, and Ca2+ (in form of anhydrous CaCl2, 93%, Sigma)—67.6 μM.




2.2. Sol–Gel Synthesis of the Materials


The synthesis of silica-based materials was performed according to [27] with few modifications (see schemes in Figure 2). For this purpose, TEOS (0.0448 mol), APTES (0.0146 mol) and PhTES (0.00745 mol) were mixed with EtOH (100 mL), implying that amino groups from APTES would catalyze the reaction at the early stage. Then, after 1 h NH4OH (5 mL) was added to finalize the process. After 1 h of stirring, the sample was separated by centrifugation, washed with ethanol and dried in an oven at 80 °C for 24 h. This sample was labeled as SiO2/≡Si(CH2)3NH2/≡SiC6H5.



The sample SiO2/≡Si(CH2)3NH2/≡SiC6H5 + Rh6G (ads.) was obtained from 1 g of SiO2/≡Si(CH2)3NH2/≡SiC6H5 which was mixed with 0.035 g (0.000073 mol) of Rh6G in 100 mL of EtOH at 65 °C for 1 h.



The one-step fixation of the dye onto the surface of the microspheres was carried out as follows: 0.07 g (0.000146 mol) of Rh6G in 50 mL of EtOH was mixed with APTES (0.0146 mol) and PhTES (0.00745 mol). The solution was stirred and heated to 65 °C for 1 h. After cooling, 50 mL of ethyl alcohol, 10 mL (0.0448 mol) of TEOS, and 5 mL of NH4OH were added. After 1 h of stirring, the sample was separated by centrifugation, washed with ethanol and dried in an oven at 80 °C for 24 h. This sample was labelled SiO2/≡Si(CH2)3NH2/≡SiC6H5+ Rh6G (synt.). Based on references [28,29], it has been observed that the quantum yield of Rhodamine 6G decreases with an increase in concentration (above 2 × 10–4 M) due to self-quenching. Consequently, it was hypothesized that the optimal proportion of fluorophore and nanoparticles would yield the highest quantum yield, as at this concentration of Rhodamine 6G the formation of dimers and trimers is minimized [28].




2.3. Characterization Techniques


The samples’ surface morphology was examined by the Zeiss SUPRA 55VP, a scanning electron microscope (SEM) with a field emission electron gun (FEG). In order to avoid the build-up of positive charges and achieve contrasting images, a thin, continuous layer of gold was applied to the surface of the samples using cathodic sputtering in a vacuum.



Fourier Transform Infrared (FTIR) spectra were obtained on FTIR Spectrometer Tensor 27 (Bruker Optik GmbH, Ettlingen, Germany) in the range of 4000–400 cm−1, with the resolution step of 2 cm−1 using KBr pellets. The pellets were heated at 100 °C before recording.



The BET surface area of each sample was estimated from the nitrogen adsorption isotherms at −196 °C, measured by a NOVA 1200e Surface Area & Pore Size Analyzer (Quantachrome Instruments, Boynton Beach, FL, USA). For this purpose, the samples were degassed at 100 °C in a vacuum under pressure below 2 Pa for 24 h. The data from the adsorption part of the isotherm were processed by the BET (Brunauer–Emmett–Teller) equation using the range of relative pressure p/p0 0.05–0.35 to calculate a specific surface area. The total pore volume (Vtot) was obtained from the maximum nitrogen adsorbed volume at relative pressure close to the saturation pressure.



Measurements of ζ-potential were carried out on Zetasizer Nano ZS (Malvern, Great Britain). The prepared 1% suspensions in 0.001 M KCl were left for 2 h and then sonicated for 30 min. The pH was adjusted by the addition of 0.1 M NaOH and 0.1 M HCl using the MeterLab PHM210 pH meter.



Particle size distribution was investigated on the same device with 1 mg·mL−1 sample concentration using ultrapure water (PURELAB® flex) as a solvent.



The acid-base titration of each sample, in order to estimate the amount of available amino surface groups, was conducted using methyl orange as an indicator. The procedure was as follows: 50 mg of the sample was poured with 20 mL of 0.05 M HCl. The suspension was mixed on a magnetic stirrer at 200 rpm for 24 h. Then, the suspension was filtered through Whatman® filter paper and titrated by 0.025 M NaOH in the presence of methyl orange. The solutions of HCl and NaOH were standardized before the analysis by the same procedure. The number of amino groups per gram of the sample was calculated from the titration data.



The thermogravimetric analysis was performed on the NETZSCH STA 449F3 derivatograph operating in the range of 25–800 °C with a heating rate of 10 °C·min−1 under a synthetic air atmosphere.



The Vario MACRO cube, an elementary analyzer manufactured by Elementar Analysensysteme GmbH in Germany, was used to analyze the CHN elements in the studied materials.



The concentration of Rh6G in the starting solution and after adsorption was determined by a Helios Gamma UV-Vis spectrophotometer (Thermo electron corporation, Warwickshire, UK) by measuring the dye absorbance at 526.5 nm.



The room temperature photoluminescence (PL) spectra were acquired on a photon-counting spectrofluorometer PC1 (ISS, San Jose, CA, USA) with a photoexcitation wavelength of 480 nm (resolution step 2 nm). A 300 W xenon lamp was used as the excitation source. Excitation and emission slit widths were set at 1.0 and 0.5 mm. The samples were placed into 1 cm path-length rectangular quartz cuvettes for spectral analysis.




2.4. Photoluminescent Method of Carbamazepine Determination


The stock suspensions of SiO2/≡Si(CH2)3NH2/≡SiC6H5, SiO2/≡Si(CH2)3NH2/≡SiC6H5 + Rh6G (ads.) and SiO2/≡Si(CH2)3NH2/≡SiC6H5 + Rh6G (synt.) (0.2 g·L−1) used in the analysis were obtained by dissolving an appropriate amount of each sample in 25 mL of solvent and then sonicating for 1 h to destroy particle agglomerates and obtain uniform particle distribution in the bulk of the solvent. A definite concentration of suspension was prepared immediately before the analysis by diluting the stock solution. The analysis of carbamazepine was carried out by the following procedure: An amount of 1.5 mL of stock suspension was mixed with a different amount of carbamazepine stock solution with a concentration of 400 μM and diluted to 3 mL with 0.1 M KCl. Then, the obtained solutions were thoroughly mixed and the photoluminescence spectra in the range of 500–650 nm and excitation wavelength of 480 nm were recorded. The linearity of sensor response was evaluated in the carbamazepine concentration range of 0.8–200 μM. The limit of detection (LOD) and limit of quantification (LOQ) were calculated from data obtained from the calibration curve (CC) for carbamazepine using 3σ/s and 10σ/s criteria, respectively [30]. Additionally, the sensor response towards carbamazepine was tested in the presence of ofloxacin, ciprofloxacin, doxycycline, flumequine, norfloxacin, enrofloxacin at a concentration of 200 μM for each drug, as well as urea with a concentration of 3000 μM, glucose—2300 μM, glycine—7555 μM, phosphate anions PO43−—2500 μM, and calcium cations Ca2+—67.6 μM [31]. Urea, glucose, glycine, phosphate and calcium were chosen as interferents because of their availability in human serum and urine components [32]. All measurements were performed three times and the error of photoluminescence measurements was 2%.





3. Results


It is known from our previous work [33] that silica microspheres can adsorb dyes of various natures and that the presence of hydrophobic adsorption centers increases the value of sorption capacity. It was also shown that the presence of hydrophobic groups on the surface contributes to the preservation of the fluorescent properties of the dye on the carrier. Therefore, silica microspheres with amino and phenyl groups were chosen as a substrate. In addition, the sample SiO2/≡Si(CH2)3NH2/≡SiC6H5 + Rh6G (synt.) was expected to have a chemically fixed dye due to the interaction of the amino group on the surface and ethoxycarbonyl group of the dye [34] (Figure 2).



3.1. Physico-Chemical Properties of Synthesized Materials


In order to estimate the morphology of the samples before and after functionalization with Rh6G, SEM images were obtained. As is evidenced from Figure 3a,c,e, the particle size is up to 100 nm; it is smaller in the synthesized sample, but they are not individual and form agglomerates. In addition, the smaller particles have distinct spherical contours, which agglomerate in suspension with sizes up to 280 nm (Figure 3b,d,f). The tendency to decrease particle size in line SiO2/≡Si(CH2)3NH2/≡SiC6H5 ≥ SiO2/≡Si(CH2)3 NH2/≡SiC6H5 + Rh6G (ads.) > SiO2/≡Si(CH2)3NH2/≡SiC6H5 + Rh6G (synt.) can be probably explained by deceleration of the hydrolysis step of the total synthesis process by the presence of Rhodamine 6G, which can act as an electrophile in the system. The values of the average diameter of the particles in the aqueous solution decrease, apparently due to the fact that the charge on the surface increases and the particles stick together less (Figure 3b,d,f). In addition, the SEM image for the sample SiO2/≡Si(CH2)3NH2/≡SiC6H5 + Rh6G (ads.) differs from the others due to the appearance of strong photoluminescence spots.



The textural properties of synthesized materials were examined by gas sorption analysis. Nitrogen adsorption–desorption isotherms are represented in Figure 4. The shapes of the isotherms revealed the non-porous nature of the SiO2/≡Si(CH2)3NH2/≡SiC6H5 and SiO2/≡Si(CH2)3NH2/≡SiC6H5 + Rh6G (ads.) samples. According to IUPAC classification [35], the isotherms are related to Type II isotherms. This means that the surface area of synthesized materials is created by particle packing. A small sharp hysteresis loop describes the slit-shaped interparticle pores. The calculated values of SBET of the materials are 149 m2·g−1 for SiO2/≡Si(CH2)3NH2/≡SiC6H5, with a total pore volume of 1.088 cm3·g−1 and 72 m2·g−1 for SiO2/≡Si(CH2)3NH2/≡SiC6H5 + Rh6G (ads.), with a total pore volume of 0.565 cm3·g−1. Such changes indicate the filling of the space between the particles, that is, the presence of a dye on the surface of the silica particles. However, the sample SiO2/≡Si(CH2)3NH2/≡SiC6H5 + Rh6G (synt.) possesses higher values of active surface area and total pore volume—407 m2·g−1 and 1.275 cm3·g−1, respectively, regardless of the Rh6G dye presence and the small difference in particle size (Figure 3). Such changes in textural properties can be interpreted by steric hindrances in material ordering during the synthesis in the presence of a large dye molecule. That is, the dye acted as a kind of ‘template’ during the synthesis, and the part of it that did not bond to the surface of the particles was washed out during washing.



Zeta potential is a measure of the electrical potential difference between a particle or a surface and the surrounding fluid. It is an important parameter in the study of colloidal systems, where particles are suspended in a liquid medium. Zeta potential and surface charge are both related to the electrical properties of surfaces and interfaces. Thus, the zeta potential of suspensions at an ionic strength of 1 mM was measured (Figure 5). Therefore, at the natural (~8) pH of the suspensions, the values of the zeta-potential are positive, which indicates the protonation of accessible nitrogen-containing groups on the surface of the samples. Based on these data, samples that contain Rh6G dye exhibit higher zeta-potential values. This is likely due to the presence of two additional nitrogen atoms in the dye. Their availability and possible ‘mobility’ are also important. In the case of physical adsorption for the SiO2/≡Si(CH2)3NH2/≡SiC6H5 + Rh6G (ads.) sample, this behavior of the dye on the surface is reflected in the values of the zeta-potential of the suspension, while attachment of the Rh6G in the case of SiO2/≡Si(CH2)3NH2/≡SiC6H5 + Rh6G (synt.) fixes the dye, and it is also possible that the dye shields the amino groups of the surface.



Since the influence of pH on the intensity of photoluminescence of suspensions was studied (see below), changes in the electrokinetic potential of suspensions at different pH levels were investigated (Figure 5). Thus, sample SiO2/≡Si(CH2)3NH2/≡SiC6H5 has naturally changed the surface charge depending on the pH, to a positive charge in acidic pH and to a negative charge in alkaline pH. The changes in values were greater when adding OH−, as this sample has acceptors for protons. Interesting observations were made for sample SiO2/≡Si(CH2)3NH2/≡SiC6H5 + Rh6G (ads.), the range of zeta-potential change at pH = 10 was even higher than for the initial sample, but in an acidic medium it appeared that some of the groups were not protonated, the surface was heterogeneous. The overlap of the peaks of sample SiO2/≡Si(CH2)3NH2/≡SiC6H5 + Rh6G (synt.) in water and in an acidic medium also indicates less protonation of the sample surface by acid under these conditions but the charge on the surface is distributed evenly.



Using elemental analysis and acid-base titration, the number of nitrogen-containing groups was determined. The following elemental analysis data were obtained: SiO2/≡Si(CH2)3NH2/≡SiC6H5 (C-12.97%, N-3.09%, H-3.94%), SiO2/≡Si(CH2)3NH2/≡SiC6H5 + Rh6G (ads.) (C-14.02%, N-3.31%, H-3.92%), SiO2/≡Si(CH2)3NH2/≡SiC6H5 + Rh6G (synt.) (C-22.34%, N-4.42%, H-4.79%). Based on these data, it can be concluded that the original sample contains 2.2 mmol·g−1 of amino groups. The analysis has shown almost no changes for the sample with adsorbed Rhodamine 6G, but in the sample where the dye was incorporated during synthesis, the number of nitrogen-bearing groups is 3.2 mmol·g−1. These findings are in complete correlation with the titration data.



It was unexpected that the elemental analysis data of the sample with the adsorbed dye differ little from the original sample, although Figure 1 shows that the sample acquires a pink color. The adsorption study showed that under these conditions 5 mg·g−1 of Rhodamine 6G is adsorbed, which does not affect the data of the analysis, for which a dose of 20 mg is used. In the case of the synthesized sample, it is difficult to understand from the data of the elemental analysis how much dye has been fixed, because both the dye and the surface of the particles contain carbon and nitrogen atoms.



To confirm the successful anchoring of Rhodamine 6G on a bifunctional silica support, IR spectra were recorded (Figure 6a–c). The interpretation of obtained data revealed the presence of the most intensive absorption bands of νas (Si-O-Si) at 1000–1200 cm−1, which evidenced the formation of a polysiloxane framework. The availability of amino groups was confirmed by δ(NH2) and νas,sym(NH) at 1596 cm−1, 3365 cm−1 and 3295 cm−1, respectively. The low-intensity peaks at 3073 cm−1 and 3051 cm−1 were assigned to ν(CH) of phenyl aromatic rings. On the spectrum related to SiO2/≡Si(CH2)3NH2/≡SiC6H5 + Rh6G (ads.), the peaks describing the vibrations of free -OH groups had lower intensities than in bare bifunctional silica samples and the additional peaks at 1844 cm−1 and 1435 cm−1 were observed. These peaks can be ascribed to the presence of the Rh6G molecules connected to the material’s surface. It is interesting to note, that the sample SiO2/≡Si(CH2)3NH2/≡SiC6H5 + Rh6G (synt.) possessed distinct vibrations of xanthene ring in a range of 1530–1500 cm−1 and a sharp middle-intensity peak at 741 cm−1 associated to xanthene ring deformations [36], which are absent on the infrared spectrum of SiO2/≡Si(CH2)3NH2/≡SiC6H5 + Rh6G (ads.). Moreover, the enhancement of νas,sym (NH) peak intensities verifies the presence of dye molecules in the sample, since the IR spectrum of Rh6G also contains these vibrations, hence, an additive effect was achieved. The absence of the bands corresponding to free -OH groups at 3857 cm−1 and 3740 cm−1 was observed, probably, due to the occurrence of electrostatic interactions between negatively charged hydroxyl groups and positively charged dye molecules.



Additional investigations of the thermal properties of the synthesized materials were performed. It would seem, at first glance, from the corresponding thermograms in Figure 6d–f, that the thermal behavior of the samples is similar. However, the detailed analysis highlighted several differences. All samples possessed an exothermic peak in the temperature range of 30–100 °C, which can be assigned to ethanol and water evaporation. The calculated mass losses were as follows: ~2% for SiO2/≡Si(CH2)3NH2/≡SiC6H5, ~2.5% for SiO2/≡Si(CH2)3NH2/≡SiC6H5 + Rh6G (ads.), and ~3% for SiO2/≡Si(CH2)3NH2/≡SiC6H5 + Rh6G (synt.). Then, strong endothermic peaks between 100 and 450 °C were observed. These peaks described the oxidation of surface organics of the samples, mainly sensitive to the thermal treatment amino and silanol groups. Nevertheless, the amounts of lost samples’ weights were different: 8%, 6.5% and 4.5% for SiO2/≡Si(CH2)3NH2/≡SiC6H5, SiO2/≡Si(CH2)3NH2/≡SiC6H5 + Rh6G (ads.) and SiO2/≡Si(CH2)3NH2/≡SiC6H5 + Rh6G (synt.), respectively. This fact evidenced the formation of new, stronger chemical bonds on the SiO2/≡Si(CH2)3NH2/≡SiC6H5 + Rh6G (ads.) and SiO2/≡Si(CH2)3NH2/≡SiC6H5 + Rh6G (synt.) samples’ surfaces that cannot be easily decomposed.



The different values of weight losses demonstrated the different amounts of anchored Rh6G in the samples prepared by different approaches. Indeed, the sample SiO2/≡Si(CH2)3NH2/≡SiC6H5 + Rh6G (synt.) had a lower mass loss in this range and, therefore, a higher amount of bounded Rhodamine 6G, which ‘protect’ the surface groups from oxidation. It is noteworthy that the low-intensity endothermal peaks in the range of 450–800 °C were recorded and related to the decomposition of organic matter present in the samples, including thermally stable phenyl moieties. The most distinct peak was noticed on the SiO2/≡Si(CH2)3NH2/≡SiC6H5 + Rh6G (synt.) sample’s thermogram, with a mass loss of 17.5%. For the bare bifunctional silica sample, this value was 24% and for SiO2/≡Si(CH2)3NH2/≡SiC6H5 + Rh6G (ads.) it was 13%. The total weight loss during the thermal treatment was as follows: SiO2/≡Si(CH2)3NH2/≡SiC6H5—36%, SiO2/≡Si(CH2)3NH2/≡SiC6H5 + Rh6G (ads.)—34% and SiO2/≡Si(CH2)3NH2/≡SiC6H5 + Rh6G (synt.)—30%. To summarize the obtained results, the presence of Rhodamine 6G changes the thermal behavior of the fabricated samples due to the functionalization of available groups and improving the stability of free surface moieties.




3.2. Investigation of PL Properties of Sensor and Detection Conditions


To determine the photoluminescent properties of the materials synthesized, the photoluminescence spectra of their water suspensions were recorded (Figure 7). As can be seen in Figure 7a, the samples SiO2/≡Si(CH2)3NH2/≡SiC6H5 and SiO2/≡Si(CH2)3NH2/≡SiC6H5 + Rh6G (synt.) possessed low PL intensity, while SiO2/≡Si(CH2)3NH2/≡SiC6H5 + Rh6G (ads.) showed a satisfied PL response. In order to improve the PL intensity, the samples’ suspensions were prepared using 0.1 M KCl to create the ionic strength. Indeed, the increase of PL intensity of SiO2/≡Si(CH2)3NH2/≡SiC6H5 + Rh6G (ads.) was observed (Figure 7b), which can be explained by a greater orderliness of the particles in suspension and, therefore, higher excitation efficiency. Since only this sample showed good PL properties, all subsequent studies were conducted only with this sample.



It is known that several determinative factors have a great influence on luminescence intensity. In this research, the influence of ionic strength, particle concentration, pH and contact time on sensor response was investigated. Figure 8a illustrates the changes in PL intensity of SiO2/≡Si(CH2)3NH2/≡SiC6H5 + Rh6G (ads.) suspensions depending on the suspension concentration and ionic strength. As is evidenced, the increase in concentration leads to an increase in PL intensity, however, the shift in emission maximum and peak deformation were registered. These changes can probably be explained by particle agglomeration. The higher suspension concentrations were not considered due to the possible occurrence of hindrances in the light transmission through highly concentrated suspensions and particle aggregation. Additionally, the ionic strength in the range of 0.05–1.0 M KCl (Figure 8a) had no significant influence on PL response, therefore, the middle KCl concentration was chosen for further studies. The absence of ionic strength caused the decrease in PL intensity as has been shown in Figure 7b. Under these conditions, i.e., 0.1 g·L−1 in 0.1 M KCl, the stability of suspension was examined. The prepared suspension was stable for up to 5 days with retention of photoluminescent properties (Figure 8b).



It is acknowledged that the photoluminescent properties depend on the pH. Thus, the impact of the pH on the PL intensity of SiO2/≡Si(CH2)3NH2/≡SiC6H5 + Rh6G (ads.) was studied. As is demonstrated in Figure 8c, pH affects the PL intensity, and the increase in pH leads to a decrease in luminescence intensity. Apparently, the quenching is caused by the presence of hydroxyl anions that surround material particles and interact with positively charged dye molecules and amino surface groups. This effect can be described as an intramolecular charge transfer process. The PL intensity of SiO2/≡Si(CH2)3NH2/≡SiC6H5 + Rh6G (ads.) at pH 2 and 8.6 (this pH corresponds to the actual pH of the working suspension) have very close values. This can be interpreted by the similarity of particles’ charges (see Figure 4) and, therefore, of their organization in solution. Figure 8d illustrates the influence of contact time between analyte and sensor-on-sensor response. The best sensor response was obtained in the 5–15 min (not detailed) interval, with the small PL quenching at 1 h. The increase of PL at the selected time interval can be probably explained by the arrangement of dye molecules on the surface of the material [29]. The slight decrease of sensor PL after 1 h of incubation can be associated with particle aging and agglomeration. Based on these data, all further analysis was carried out after 10 min from the addition of carbamazepine to the suspension.



The influence of carbamazepine concentration on the luminescence response of a sensor is demonstrated in Figure 9a. As can be seen, the sensor possesses a linear response towards carbamazepine in the concentration range of 0.8–200.0 μM with a correlation coefficient R2 = 0.992. The higher concentrations were not considered due to the low solubility of carbamazepine—<200 mg·L−1 or 846.4 μM [37]. The limit of detection, LOD, of the sensor was estimated to be 17.9 μM (4.2 mg·L−1) and the limit of quantification, LOQ, was 59.7 μM (14.1 mg·L−1). In order to evaluate the interfering effect of several antibiotics and smaller organic compounds on sensor response, the selectivity test was performed (Figure 9b). The results revealed the intensive response of the studied system towards flumequine and norfloxacin, which is equivalent to carbamazepine. Therefore, these two compounds have a very strong interfering effect and should be eliminated from the sample before analysis. It has been estimated that the presence of carbamazepine causes the small red shift Δ = 4 nm of the peak position on the PL spectrum of SiO2/≡Si(CH2)3NH2/≡SiC6H5+ Rh6G (ads.). However, Figure 9c illustrates that the presence of flumequine or norfloxacin does not cause a shift in the sensor’s maximum wavelength. This observation can be utilized in the analysis of water samples to selectively determine the presence of carbamazepine. Analytical research data suggest that flumequine and norfloxacin are typically found in water samples within the ng·L−1 to low mg·L−1 concentration range [38]. Flumequine is rarely detected in water samples due to its tendency to remain in sediments [39], but it can still be detected in water samples at levels up to 32 ng·L−1 [40,41]. On the other hand, the concentration of norfloxacin can be higher, ranging from 489 ng·L−1 [42] to 0.12 mg·L−1 [43]. In the case of ciprofloxacin, doxycycline and enrofloxacin, the PL intensities of SiO2/≡Si(CH2)3NH2/≡SiC6H5 + Rh6G (ads.) were slightly enhanced, which can lead to overestimated results during carbamazepine determination in simultaneous presence in the matrix. Only in the presence of ofloxacin did the sensor show a selective response to carbamazepine. The influence of smaller organic molecules that can be found in human samples, such as urea, glucose, glycine and two inorganic species—phosphate anions and Ca2+—was also tested. The highest interfering effect on sensor response was caused by urea, which manifested as a decrease in the PL signal. In the simultaneous presence of carbamazepine and urea in the samples, the underestimated results will be obtained. Other compounds demonstrated a moderate effect on the sensor signal. To summarize, the sensor selectivity can be improved by sample pre-treatment to avoid the interfering impact on the analytical signal.




3.3. Possible Physico-Chemical Mechanism of Carbamazepine Sensing


The investigation of the sensing mechanism is an important issue in order to understand the nature of processes occurring during the sensing of the analyte. For this purpose, the blank experiment with Rhodamine 6G has been performed. It has been estimated that the amount of Rh6G in SiO2/≡Si(CH2)3NH2/≡SiC6H5 + Rh6G (ads.) was 5 mg·g−1 (see Section 3.1), which means that in a working suspension with a concentration of 0.1 g·L−1, the quantity of Rh6G is 10–6 mol per liter. As depicted in Figure 10a, the pristine Rh6G solution exhibits a high PL intensity with a peak at 552 nm. Further investigations focusing on the utilization of pristine Rh6G as a sensor have revealed that there is no linear correlation between the PL intensity and carbamazepine concentration in this system (Figure 10b). Interestingly, the PL intensity shows inconsistent behavior, increasing in some cases while decreasing in others. Furthermore, the peak position remains stable without any noticeable shift. Based on these observations, it can be concluded that pristine Rhodamine 6G is not suitable for use as a sensor in carbamazepine determination.



It is worth noting that a significant red shift in the peak position of pristine Rhodamine 6G (Rh6G) was observed after anchoring it to silica particles. The peak position shifted from 518 nm to 545 nm, indicating a Δ of 27 nm. This observation provides evidence of the formation of hydrogen bonds between the fluorophore molecule and silica particles. These hydrogen bonds restrict the intramolecular rotation mechanism of the fluorophore, leading to improved photoluminescence (PL) properties (see (2) in Figure 2) [29,44]. Furthermore, the lower red shift from 545 nm to 549 nm has been noticed on the PL spectrum of SiO2/≡Si(CH2)3NH2/≡SiC6H5 +Rh6G (ads.) after the addition of carbamazepine (Figure 9c). It is suggested that the amino and C=O groups present in the silica–Rhodamine 6G system, which possesses a lone electron pair, participate in sensing carbamazepine by forming hydrogen bonds with the -C(=O)-NH2 functionalities of the carbamazepine molecule. This interaction leads to an increase in PL intensities. Additionally, π-π interactions between the phenyl and xanthene ring of Rh6G and the carbamazepine conjugated system are also possible. These interactions contribute to intra- and intermolecular charge transfers, enhancing the photoluminescence intensity. However, it is challenging to determine precisely which groups are involved, as it depends on their availability. Nonetheless, the presence of multiple interaction sites is advantageous for the detection of the analyte. The proposed mechanism is schematically illustrated in Figure 11.





4. Conclusions


A luminescent system consisting of bifunctional SiO2/≡Si(CH2)3NH2/≡SiC6H5 particles with anchored Rh6G for the detection of carbamazepine using a ‘turn-on’ approach was developed. It has been shown that the highest photoluminescence is demonstrated by a suspension of a silica sample with physically adsorbed Rhodamine 6G. The best-performing sample consists of spherical particles with a size of approximately 241 nm and a positive charge of 33.3 mV when in an aqueous solution. Elemental analysis, titration, thermogravimetry, and IR data have indicated the presence of a small amount of physically adsorbed dye on the surface of silica particles that bear 3-aminopropyl and phenyl groups. The combination of these groups and the ‘mobile’ fixation of the dye allows the material to exhibit a high photoluminescence response in aqueous suspensions and, therefore, to be applied in drug sensing. Studies have demonstrated that the photoluminescent properties of the suspensions remain unaffected within the ionic strengths range of 0.1 to 1 g·L−1. However, the absence of ions leads to a decrease in photoluminescence. Furthermore, it has been observed that the suspension remains stable for a duration of up to 5 days. This sensor has exhibited a linear response to carbamazepine (neuropathic medicine) within the concentration range of 0.8–200.0 μM. It was determined the limit of detection of the sensor was 17.9 μM (equivalent to 4.2 mg·L−1), and the limit of quantification was found to be 59.7 μM (equivalent to 14.1 mg·L−1). It was revealed that ofloxacin did not affect the sensor response towards carbamazepine in simultaneous presence in solution. The presence of other antibiotics slightly influenced the sensor response. To eliminate this effect, the pre-treatment of real water is required. The hypothesis concerning the sensing mechanism has been proposed and consists of the formation of hydrogen bonds between carbamazepine molecules and available oxygen- and nitrogen-containing moieties of SiO2/≡Si(CH2)3NH2/≡SiC6H5 + Rh6G (ads.).
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Figure 1. Structural formula of carbamazepine (5H-dibenz(b,f)azepine-5-carboxamide). 
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Figure 2. Synthesis schemes of bare bifunctional silica particles (1) and functionalized with Rhodamine 6G (2), (3). 
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Figure 3. SEM images of the synthesized materials (a,c,e) with the corresponding particle size distribution (b,d,f) obtained from DLS data. 
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Figure 4. N2 adsorption-desorption isotherms of studied materials. 
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Figure 5. Changes in the z-potential values of sample suspensions at different pH: pH = 11—blue curves, pH~8 (initial suspensions)—black curves, and pH = 2—red curves (background 1 mM KCl). 
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Figure 6. Infrared spectra (a–c) (green lines—spectra of Rh6G) and corresponding thermograms (d–f) of SiO2/≡Si(CH2)3NH2/≡SiC6H5, SiO2/≡Si(CH2)3NH2/≡SiC6H5 (ads.) and SiO2/≡Si(CH2)3NH2/≡SiC6H5 (synt.) samples. 
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Figure 7. Photoluminescence spectra of synthesized materials with a concentration of 0.1 g·L−1: (a)—water and (b)—0.1 M KCl. 
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Figure 8. Influence of different factors on photoluminescent properties of SiO2/≡Si(CH2)3NH2/≡SiC6H5 + Rh6G (ads.): (a)—influence of suspension concentration and ionic strength on PL intensity, (b)—investigation of suspension stability (0.1 g·L−1 in 0.1 M KCl), (c)—influence of pH on PL intensity (suspension concentration 0.1 g·L−1), and (d)—kinetics of sensor response in the presence of carbamazepine at C = 200 μM and 0.1 g·L−1 in 0.1 M KCl suspension concentration. 
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Figure 9. Calibration curve of carbamazepine in the concentration range of 0.8–200.0 μM (suspension concentration 0.1 g·L-1 in 0.1 M KCl): (a); interfering effect of several selected compounds on SiO2/≡Si(CH2)3NH2/≡SiC6H5 + Rh6G (ads.) sensor response (concentration of antibiotics was 200 μM; urea—3000 μM, glucose—2300 μM, glycine—7555 μM, phosphate anions PO43−—2500 μM and Ca2+ cations—67.6 μM) (b); PL spectra of SiO2/≡Si(CH2)3NH2/≡SiC6H5 + Rh6G (ads.) in the presence of carbamazepine, flumequine and norfloxacin with concentration 200 μM (c). 
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Figure 10. PL spectra of blank Rh6G solution with concentration 10−6 M (a) and Rh6G with concentration 10−6 M in the presence of carbamazepine of different concentrations (b). 0.1 M KCl was used as a solvent in all experiments. 
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Figure 11. Scheme of the proposed sensing mechanism of carbamazepine by synthesized particles. 
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