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Abstract

:

The determination of chlortetracycline, doxycycline, oxytetracycline, and tetracycline in milk samples by HPLC coupled to a cucurbit[8]uril-based potentiometric sensor is herein presented. The new tetracycline-selective electrode is based on a polymeric membrane incorporating cucurbit[8]uril as a macrocyclic host, potassium tetrakis(p-chlorophenyl) borate as an ionic additive, 2-fluorophenyl 2-nitrophenyl ether as a plasticizer, and multi-walled carbon nanotubes as nanostructured materials. A microfluidic wall-jet flow-cell is implemented as a potentiometric detector after chromatographic separation by a C8 column using a gradient mobile phase of sulphuric acid and acetonitrile. The proposed methodology was validated following International Council for Harmonisation of Technical Requirements for Pharmaceuticals for Human Use (ICH) and European Union (EU) guidelines. Linear regression models provided R2 in the range from 0.9973 ± 0.0026 to 0.9987 ± 0.0012 for all tetracycline antibiotics. The limits of detection and quantification ranged from 13.3 to 46.0 μg L−1 and 44.4 to 92.1 μg L−1, respectively. Precision intra-day, inter-day, and inter-electrode showed relative standard deviation values lower than 12.5%, 13.5%, and 12.9%, respectively. Accuracy was assessed by analysis of spiked milk samples around the maximum residue limit, yielding recovery values in the range from 81.3 to 108.5%. The simple, sensitive, cost-effective, and reliable HPLC-ion-selective electrode method justifies its use as a competitive alternative for the analysis of tetracycline residues in the food quality control sector.
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1. Introduction


Tetracycline antibiotics (TCs) are broad-spectrum pharmaceutical drugs that exhibit activity against a wide range of microorganisms [1]. The most used compounds within this antibiotic group are chlortetracycline, doxycycline, oxytetracycline, and tetracycline. The low toxicity profile and low cost enhance their extensive use as veterinary drugs for the prevention and treatment of several microbial diseases [2] as well as growth promoters in intensive animal farming [3]. This widespread use of TCs may cause the presence of residues in foods of animal origin, whose intake result in harmful effects on human health such as allergic reactions, gastrointestinal disturbance, liver damage, poor fetal development, and pigmentation of teeth [4,5]. Moreover, the consumption of low-level doses for long periods induces the selective predominance of drug-resistant microorganisms with time, which puts public health in jeopardy [6].



To ensure food safety and reduce the exposure of people to veterinary drugs, regulatory authorities have set maximum residue limits (MRLs) allowed in foods for human consumption. The MRLs for TCs residues, according to the US Food and Drug Administration (FDA), are 2 mg kg−1 in muscle, 6 mg kg−1 in the liver, and 0.3 mg kg−1 in milk [7], whereas the Codex Alimentarius Commission of the FAO/WHO has adopted MRLs of 0.2 mg kg−1 in muscle, 0.6 mg kg−1 in the liver, and 0.1 mg L−1 in milk [8]. These low MRL values demand the use of analytical methods with suitable sensitivity and detectability to determine these residues in foodstuff.



Different analytical methodologies for the determination of TCs in milk samples have been reported in the literature, with an emphasis on HPLC coupled to photodiode array [9]. The complexity of the chromatograms nonetheless requires a positive correspondence of compounds to the peaks by comparing the sample and reference spectra. Fluorimetric detection improves both selectivity and sensitivity but requires post-column derivatization [10]. On the other hand, LC-MS/MS methods with the best figures of merit have been developed for the determination of TCs residues [11,12,13]. However, the high cost and the requirement of skilled technicians are not easy to circumvent, which make this method unaffordable for routine analysis. Although effective methods are already implemented, more simple, rapid, inexpensive, and reliable analytical methodologies are needed to fulfill the requirements of governmental agencies and consumer organizations [9].



Of particular interest is the potentiometric technique based on ion-selective electrodes (ISEs) due to their versatility of use, simplicity of instrumentation, cost-effectiveness, and miniaturization ability [14,15]. The coupling of potentiometric detection with liquid chromatography was considered decades ago by using metallic copper electrodes [16,17,18] for the determination of inorganic ions in ion chromatography systems. Later on, Luc Nagels and his group extended the applications to organic ionic substances, including organic acids [19], basic drugs [20,21], and alkaloids [22], resorting to polymeric membrane electrodes based on a conductive support. Despite their powerful features, potentiometric sensors are still not viewed as routine detectors in HPLC and thus researchers should put more effort into demonstrating their competitiveness with other detectors.



Several ISEs using different types of recognition elements have been described in the literature to accomplish the determination of TCs. Electroactive ion-pair complexes were initially proposed for the determination of chlortetracycline [23] and tetracycline [24], though the poor limits of detection (LOD) strongly limited their application. Alternatively, molecularly imprinted polymers (MIPs) for the determination of oxytetracycline [25] and tetracycline [26,27] were also considered. Nevertheless, the poor LOD [25,26], the long response time (≈200 s), and the inner filling solution configuration hindered its use in microfluidic platforms [27]. The use of macrocyclic receptors as recognition elements to form inclusion complexes by a host–guest mechanism [28,29], such as α-cyclodextrin [30] and β-cyclodextrin [31], has been referred as a convenient approach in the development of tetracycline-selective electrodes (TC-SE) with improved sensitivity and detection limits. Nevertheless, none of these potentiometric sensors were used together with chromatographic separation, and thus the simultaneous detection of different TCs with suitable LOD was still a real limitation.



Recently, the cucurbit[n]urils (CB[n]s) family has attracted significant attention due to their interesting molecular recognition properties [32]. CB[n]s are barrel-shaped macrocyclic hosts with a hydrophobic inner cavity accessed via two polar carbonyl-rimmed openings [33]. While the cavity provides a hydrophobic void to host neutral hydrophobic molecules, the carbonyl rims represent docking sites for positively charged groups and stabilize the host–guest complex through ion–dipole and hydrogen-bonding interactions [34]. Different CB[n]s/organic compound complexes have been described in the literature by using spectroscopic [35,36,37] and electroanalytical techniques [38,39,40]. Particularly in potentiometric detection, CB[6] was considered for the development of etilefrine [41] and atropine [42] selective electrodes for pharmaceutical control as well as biogenic amine determination in different food samples [43,44]. However, based on the authors’ knowledge, to date, no TC-selective electrode has been reported based on CB[n] as a recognition element to determine the presence of TCs in food matrices.



Therefore, this work intends to develop a simple, cost-effective, and reliable method for the determination of TCs by HPLC coupled with potentiometric detection. To achieve this goal, a novel TC-selective electrode based on CB[8] as an ionophore was developed and integrated into a microfluidic wall-jet flow-cell, which was used as a detector in a reversed-phase HPLC system. The final methodology was validated following the international guidelines and was applied to the analysis of milk samples.




2. Experimental Section


2.1. Chemicals and Solutions


All chemicals were of analytical reagent grade. Chlortetracycline hydrochloride (CTC, ≥91.0%, ref. C4881), doxycycline hyclate (DXC, ≥93.5%, ref. D9891), oxytetracycline hydrochloride (OTC, >96.5%, ref. O5875), tetracycline hydrochloride (TTC, 95.0%, ref. T3383), oxalic acid dihydrate (ref. 1.00495), citric acid (ref. 251275), sodium phosphate dibasic dihydrate (ref. 71662), and ethylenediaminetetraacetic acid disodium salt dihydrate (EDTA, ref. E5134) were purchased from Sigma–Aldrich (Algés, Portugal). Sulphuric acid was from PanReac AppliChem (96%, H2SO4, ref. 131058) while acetonitrile (ACN, ref. 1.00029.2500P) and methanol (MetOH, ref. 1.06035.2500P) of LiChrosolv hyper grade were acquired from VWR (Amadora, Portugal). Ultra-pure water with conductivity <0.055 μS cm−1 was produced in our laboratory (Heal force, Easy model, Shanghai, China) and used whenever needed.



The stock standard solutions of TCs were prepared in an aqueous oxalic acid solution (0.05 M) at the concentration level of 0.01 M and stored in the freezer at −20 °C before use. The working standard solutions were prepared daily by the subsequent dilution of the stock solution. The EDTA/Mcllvaine Buffer was prepared according to the literature [45] by mixing a 0.1 M aqueous solution of citric acid with a 0.1 M aqueous solution of anhydrous dibasic sodium phosphate (100:62.5, v/v). Then, the corresponding mass of disodium EDTA for a final concentration of 0.1 M was added, and the pH was adjusted to 4.1 with a 5 M sodium hydroxide solution (measured with a sensION pH meter, Hach, Portugal).



For the electrode conductive support preparation, graphite powder (<50 µm, ref. 1.04206) and Araldite M (ref. 10951) were purchased from Sigma–Aldrich (Algés, Portugal), whereas the hardener Ren HY 5162 (ref. 068620205) was from Huntsman (Barcelona, Spain). For the sensing membranes preparation, high molecular weight polyvinyl chloride (PVC, ref. 81392), cucurbit[8]uril hydrate (CB[8], ref. 545228), potassium tetrakis(p-chlorophenyl)borate (TCPB, ref. 60591), 2-fluorophenyl 2-nitrophenyl ether (FNDPE, ref. 47390), multi-walled carbon nanotubes (MWCNTs, 110–170 nm × 5–9 μm, ref. 659258), and tetrahydrofuran (THF, ref. 186562) were obtained from Sigma–Aldrich (Algés, Portugal).




2.2. Sample Preparation


Milk samples were purchased from a local supermarket (Porto, Portugal), which included UHT skimmed milk, UHT semi-skimmed milk, and fresh semi-skimmed milk, and were stored at 4 °C (for no more than one week). Firstly, 1.0 mL of each milk sample was mixed with 5.0 mL of EDTA/Mcllvaine Buffer in a 15 mL centrifuge tube. The solutions were agitated for 1 min using a vortex, followed by centrifugation at 4750 rpm for 15 min at 4 °C. Any floating lipid layer and precipitate were disposed of, being the remaining supernatant cleaned-up with solid-phase extraction (SPE) cartridges OASIS PRIME hydrophobic–lipophilic-balanced (HLB) from Waters (3 cc, 60 mg, ref. 186008056) assembled in a Visiprep™ SPE Vacuum Manifold (ref. 57030-U, Supelco). The supernatant was loaded into the SPE cartridge at a flow rate of 1.0 mL min−1. After the sample was percolated, the cartridges were washed with 2.0 mL of ultra-pure water and dried for 1 min drawing a full vacuum. The target analytes were eluted twice by 1.0 mL of HPLC grade methanol at the same flow rate. The extract was dried under a gentle nitrogen stream and was finally reconstituted in 1.0 mL of aqueous oxalic acid at 0.05 M. All solutions were filtered through 0.22 µm Nylon syringe filters (FilterLab, ref. JNY022013N) before injection in the chromatographic system.




2.3. Apparatus


The HPLC-ISE analysis was performed on a Waters 600E Multisolvent Delivery System (Waters, Milford, MA, USA) equipped with a Waters 600 controller, a Waters 600E pump, a Waters 2487 Dual Absorbance Detector, and a Rheodyne 7725i six-port external manual injector (IDEX Health & Science, LLC, Middleboro, MA, USA). Millennium 32 Chromatography Manager Software (Waters, Milford, MA, USA) was used to control the HPLC components and data processing in the UV detector.



Handmade miniaturized indicator electrodes and a commercial miniaturized reference electrode filled with a 3.0 M KCl (model 6.0727.0 0 0, Metrohm, Herisau, Switzerland) were used for the potentiometric measurements, which were carried out using a 6-Channel Precision Electrochemistry EMF Interface (LawsonLabs, Inc., Malvern, PA, USA). A double-junction Ag/AgCl reference electrode (Orion 90-02-00, Thermo Scientific, Waltham, MA, USA) with its external compartment filled with a 0.01 M KCl solution was used in the experiments in batch mode. The potentiometric signals vs. time data were recorded by the graphics software from LawsonLabs, Inc., Malvern, PA, USA.




2.4. Chromatographic Conditions


A Luna C8(2) column (150 mm × 4.6 mm I.D., 5 μm from Phenomenex, Torrance, CA, USA) was used at controlled room temperature (±2 °C) to perform the separation using a mobile phase composed of solvent A (0.005 M H2SO4:ACN, 90:10, v/v) and solvent B (0.005 M H2SO4:ACN, 80:20, v/v). A gradient elution was used following the program: 0% B from 0 to 13.00 min; 0–100% B from 13.00 to 13.01 min; 100% B from 13.01 to 24.00 min; 100–0% B from 24.00 to 24.01 min. The injection volume and the flow rate were optimized to be 100 µL and 1.30 mL min−1, respectively.




2.5. Detection Cell


The column outlet was connected in-line to the Waters Absorbance Detector at a wavelength of 355 nm, according to the literature [45,46], which was used to validate the potentiometric measurements. The microfluidic potentiometric wall-jet flow-cell (Figure 1) holding both the miniaturized TC-selective electrode and the reference electrode was in-line connected after the UV detector using PEEK tubing (L × O.D. × I.D. = 300 mm × 1/16 in. × 0.25 mm). The flow-cell consisted of an acrylic block (length—40 mm, width—22 mm, and height—22 mm) incorporating four single holes: two for the inlet and outlet of the mobile phase, one enabling to screw the reference electrode, and the last for coupling the miniaturized TC-selective electrode. The internal channel was drilled with an internal diameter of 0.8 mm. For the inlet and outlet, a blue ferrule and male red nut (1/16, IDEX Health & Science) were used to connect the PEEK tubing.




2.6. Preparation of the TC-Selective Electrodes


Handmade TC-selective electrodes of solid contact were fabricated following a procedure described elsewhere [44,47]. Briefly, a non-conductive epoxy resin was prepared by mixing Araldite-M and hardener HY (1:0.4 w/w), which was blended with graphite powder to obtain a composite with appropriate homogeneity and consistency. The final proportion was 1:1.85 w/w of epoxy resin and graphite, respectively. A portion of the conductive composite was introduced in one end of a Perspex tube (6.0 mm I.D. × 10.0 mm O.D. × 150.0 mm length) and a polytetrafluoroethylene rod (1.6 mm I.D. × 4.0 mm O.D. × 15.0 mm length) for the fabrication of conventionally shaped and miniaturized electrodes, respectively. An electrically shielded cable with the copper wire exposed was inserted from the opposite endings to establish the electrical contact. The electrodes were left to dry over 24 h at room temperature and, finally, the surface was polished with sandpaper of different grit sizes until a specular gloss was obtained.



Ion-selective membranes (ISMs) were prepared by mixing accurately weighed amounts of the polymer (PVC), plasticizer (FNDPE), ionophore (CB[8]), ionic additive (TCPB), and nanostructured materials (MWCNTs) in glass vials to obtain the compositions shown in Table 1. A total of 300 mg of the mixture was dissolved in 3.0 mL of THF and shaken in a vortex before use. The conductive electrode surface was modified by dropping the corresponding ISMs until covering all the support contact areas (≈100 µL). The THF was left to evaporate for 30 min before the next deposition. The procedure was repeated a further five times and, finally, the electrodes were left to dry overnight before conditioning in an aqueous 0.05 M solution of oxalic acid. For miniaturized electrodes, 4 × 5 µL of the corresponding ISM was drop-coating onto the conductive support with an automatic pipette. Each layer was allowed to dry for 20 min before the next addition. Finally, the electrodes were conditioned overnight (∼12 h) in an aqueous 0.005 M solution of sulphuric acid. When not in use, each electrode was kept immersed in the corresponding conditioning solution.





3. Results and Discussion


3.1. Evaluation of the Conventionally Shaped TC-Selective Electrodes


The potentiometric response of conventionally shaped electrodes prepared with different membranes (without CB[8]—ISM A and with CB[8]—ISM B) was firstly evaluated towards four different TCs in batch conditions. The background solution of 0.05 M oxalic acid solution at a pH of 2.0 allowed for the total ionization of TCs and the ionic strength adjustment. Figure S1 shows the typical time trace of the EMF values of both electrodes for the stepwise addition of various concentrations of each of the TCs. The EMF values observed at the steady-state were plotted against the corresponding logarithmic TCs’ concentration, showing a Nerstian behavior for all target compounds (Figure S2). The general calibration parameters (Table 2), namely slope, linear response range, and LOD, showed high similarity between the sensing membrane without (ISM A) and with the addition of ionophore (ISM B). Noteworthy, the intra- and inter-electrode potentiometric responses were highly reproducible (n = 3 for electrodes and successive calibrations), since the given relative standard deviation (RSD) of the obtained slopes was better than 3.0% and 4.1% for ISM A and ISM B, respectively.



Nonetheless, regarding the application of the potentiometric sensor in liquid chromatography, the dynamic response characteristics of the TC-selective electrodes must be emphasized, since they can affect the analytical performance under hydrodynamic flow analysis [48]. An important aspect concerns the response time, which has a major impact under transient flow injections due to the short time of interaction between the analytes and the membrane surface. The response time for each of the TCs was determined following IUPAC recommendation [49] at concentrations ranging from 1.0 × 10−7 to 1.0 × 10−3 M. As expected, a fast response was obtained for higher TC concentrations, especially for ISE containing CB[8] as an ionophore (<10 s, ISM B). However, longer response times were observed at concentrations lower than 1.0 × 10−6 M (<30 s), though still lower than those obtained with the ionophore-free sensing membrane (<60 s, ISM A).



On the other hand, attending to the complexation ability of CB[8] with the TCs, the reduction in the free energy (ΔGcomplex) in the presence of the host molecule should, in principle, generate a larger signal when used under transient flow injections. As such, improved sensitivity and detectability can be attained, which was already demonstrated by other authors dealing with potentiometric detection in liquid chromatography [50,51].



Therefore, the use of CB[8] as an ionophore for the development of a new TC-selective electrode, highlighting its ability to detect different TCs with great analytical features and a short response time, foresees its application as a detector in a liquid chromatographic system for food control.




3.2. Evaluation of the Miniaturized TC-Selective Electrode Coupled to HPLC System


After the characterization of the potentiometric sensors in batch conditions, the miniaturized TC-selective electrodes were assembled in a microfluidic wall-jet flow-cell and coupled to the HPLC system. Several experimental conditions such as (i) the composition of the mobile phase; (ii) gradient program, including hydrodynamic conditions; (iii) incorporation of nanostructured materials into the ISM, were optimized to achieve the best chromatographic separation conditions of the four TCs without compromising the sensitivity and detectability [43].



3.2.1. Optimization of Mobile Phase Composition


Various elution solvents were first investigated under isocratic conditions at a fixed flow rate of 1.0 mL min−1, namely by evaluating different mixtures of aqueous acid solutions (phosphoric, oxalic, hydrochloric, or sulphuric acid) with ACN (80:20, v/v). While phosphoric, oxalic, and hydrochloric acid concentrations were prepared at 0.05 M, sulphuric acid was prepared at 0.005 M, and the pH was adjusted to 2.0 using HCl/NaOH solution. As shown in Figure S3A, the lowest retention factor (k) values were achieved for sulphuric acid, ranging from 0.7 to 5.0 for OTC and DXC, respectively, which enabled a shorter analysis time. Moreover, the separation factor (α) was determined for two subsequent peaks and no effect was noticed when changing the acid agent (Figure S3B). Therefore, aqueous sulphuric acid was selected as an acidifying agent and, moreover, the content of ACN (10, 20, and 30%, v/v) was investigated under isocratic conditions. However, a lack of chromatographic selectivity or an increase in the analysis time was observed. To surpass this constraint, gradient elution was considered.



For that, two solvents were selected containing 0.005 M of H2SO4 and ACN at a different proportion (A: 90:10; B: 80:20; v/v). Several combinations of the time/mobile phase composition were carried out to optimize the chromatographic separation in terms of resolution and running time as well as to obtain the best analytical performance of the potentiometric detector. In HPLC-ISE methodologies, a compromise between the optimal separation and detection conditions should be expected because of the impact of the mobile phase composition in the potentiometric detector rather than the spectroscopic detectors.




3.2.2. Optimization of Hydrodynamic Conditions


The flow rate and sample injection volume were optimized to obtain the best separation and detection conditions, adjusting the gradient elution whenever necessary. For that, different flow rates (1.0, 1.3, and 1.5 mL min−1) were firstly examined by the triplicate injection of standard solutions of TCs at 1.0 × 10−6, 1.0 × 10−5, and 1.0 × 10−4 M. According to the chromatograms, the retention times of OTC and DXC (i.e., first and last peak eluted, respectively) were reduced from 12.2/31.8 min to 9.8/24.6 min and 8.4/22.5 min when the flow rate was 1.0, 1.3, and 1.5 mL min−1, respectively, without significant effect in the retention and separation factors. Nevertheless, higher flow rates improved the peak resolution (Rs) through an increase in the effective plate number (Neff), though affecting the potentiometric detector performance. In this context, when the flow rate changed from 1.0 to 1.3 mL min−1, an increase in the signal magnitude (i.e., peak height in mV) was observed for all target TCs (see Figure S4), which is ascribed to the wall-jet flow-cell configuration [52]. On the other hand, the shorter residence time of the analyte plug in the microfluidic flow-cell, combined with the longer response time of the electrode, negatively affected the peak heights for the higher flow rate [53]. Therefore, a flow rate of 1.3 mL min−1 was selected as the most suitable condition regarding the TCs separation and the detector performance. Overall, the optimal conditions allowed a complete separation of four TCs in less than 24.0 min, following the gradient program: 0% B from 0 to 13.00 min; 0–100% B from 13.00 to 13.01 min; 100% B from 13.01 to 24.00 min; 100–0% B from 24.00 to 24.01 min. The OTC and TTC were firstly eluted in solvent A, presenting retention times of 9.3 and 12.9 min, respectively. The strong interaction of CTC and DXC with the stationary phase required an increase in the ACN content for an efficient elution, attaining retention times of 21.1 and 24.5, respectively. Nevertheless, ACN content higher than 20% (v/v) was not considered in this study to avoid the dissolution of the membrane components [50].



On a similar basis, the effect of the injection volume (20, 50, and 100 µL) was investigated. As shown in Figure S5, a positive correlation was observed between the injection volume and the peak height for all the studied compounds. While an increase in the peak height was observed for CTC and DXC along with the increasing injection volume, the response for OTC and TTC only improved until 50 µL. Notably, the magnitude of the signal was very similar for injection volumes of 50 and 100 µL, which suggest either sample overload or a slow detector response. To obtain the sensitivity and LOD desired for a simultaneous determination of four TCs in milk samples, 100 µL volume was selected.



The analytical parameters of the proposed TC-selective electrodes under flow conditions are slightly different than those obtained in static measurements (Table S1, ISM B). Under flow conditions, the residence and response time, the rate of diffusion and the exchange reaction of the eluent ions, the sample dispersion and dilution, namely in flow-cell, affects the analytical performance of the proposed potentiometric detector, as has already been reported by other authors [22,48,53,54,55]. To overtake these constraints, the use of carbon nanotubes in the sensing membrane was considered.




3.2.3. Effect of Carbon Nanotubes


Carbon nanotubes have been widely used as nanostructured materials in electrochemical sensors’ preparation because of their remarkable properties such as large surface-area-to-volume ratio, mechanical strength, chemical stability, and excellent electrical conductivity [56]. Their use has been associated with gains in the analytical performance of sensors, namely in LOD, sensitivity, and medium-term stability [57]. In this work, the incorporation of MWCNTs in the ISM was investigated at different proportions (0.0, 1.0, and 2.0 wt%, see Table 1), and the general calibration parameters of the potentiometric sensors for the target TCs were evaluated under the optimal chromatographic conditions. As shown in Table 3, the incorporation of the MWCNTs (ISM C and D) improved the analytical features of the TC-selective electrodes, evidenced by the better slopes, LODs (calculated as a signal-to-noise ratio of 3), and repeatability of the peak heights for all the analytes. Their electrostatic interaction and hydrogen bonding with the target TCs as well as their contribution to improve the double-layer capacitance of the conductive surface of the electrode where the ion-to-electron transduction takes place allowed for the improvement of the magnitude of the signals within the linear response range by decreasing the response time [58], which contributed to an increase in the slope (comparing ISM B and ISM C in Table 3). However, it was not enough to reach the steady-state signal at the optimal measuring conditions, and, thus, the slopes were still lower than those obtained in static measurements (Table 2), especially for OTC, TTC, and DXC. Attending to the absence of a proper nomenclature of potentiometric detection in hydrodynamic separation systems, the LOD was calculated as generally defined in HPLC, using a signal-to-noise ratio of 3 [59]. Nevertheless, the LOD values determined following the IUPAC recommendation were also calculated [49] (see Table S2). When using the signal-to-noise approach, the LODs observed for the TCs with the ISM containing 1.0 wt% of MWCNTs (ISM C) were shifted to values below the MRL in milk defined by food authorities, attaining values down to 3.0 × 10−8 M for TTC, CTC, and DXC, and 1.0 × 10−7 M for OTC. Moreover, the improved repeatability of the analytical signal (1.0 × 10–4 M, n = 3) was demonstrated by the RSD values of 0.2–5.8% against 0.4–42.1% in the electrodes prepared without MWCNTs (ISM B). However, when the proportion of MWCTNs was duplicated (ISM D), no gains were attained, and thus the TC-selective electrode prepared with the ISM C was selected for validation purposes.





3.3. Method Validation


The chromatographic parameters of the proposed HPLC method coupled to the potentiometric and UV detector are summarized in Tables S3 and S4, respectively, namely retention times (tR), retention factor (k), separation factor (α), effective plate number (Neff), peak resolution (Rs), and tailing factor (Tf). The repeatability of retention times showed excellent results, providing RSD values lower than 2.6% after the analysis in five independent days. The retention factors were fairly good, ranging from 1.2 to 1.6 for both types of detectors. The higher effective plate number obtained for CTC and DXC presented better separation efficiency, which is ascribed to the higher content of ACN during their elution. However, a slightly smaller value was obtained for all target TCs with the HPLC-ISE methodology, which may be attributed to the adsorption/desorption phenomena of the analytes at the membrane surface of the TC-selective electrode [22,60]. This fact also explains the differences obtained in the peak symmetry, demonstrated by the tailing factors of 1.4 to 1.6 and 1.1 to 1.2 for potentiometric and UV detectors, respectively. Although an increase in the ACN content in the mobile phase could accelerate the rate of dissociation (i.e., desorption phenomena) [22], it was not considered to avoid the dissolution of the membrane components. Overall, great peak resolution values were obtained for both types of detectors, ranging from 6.3 to 13.8 and from 7.4 to 16.0 for potentiometric and UV types, respectively, which are above the acceptable criteria (≥1.5).



3.3.1. Analytical Figures of Merit


The optimized method was validated according to the requirements of the International Council for Harmonisation of Technical Requirements for Pharmaceuticals for Human Use (ICH) [61] and the European Union (EU) [62] by evaluating the following analytical parameters: linear range, linearity, the limit of detection (LOD), the limit of quantitation (LOQ), precision, accuracy, and specificity. The results of the potentiometric detector are summarized in Table 4, while those obtained with the UV detector are in Table S5.



The calibration curves were assessed by the injection of standard solutions of TCs at concentration levels in the range of 1.0 × 10−8–1.0 × 10−4 M (n = 8), and the corresponding chromatograms are presented in Figure S5A,B for the potentiometric and UV detector, respectively. A transformed response tR = 10(E⁄S) − 1, where E is the potentiometric signal in mV and S is the slope of the Nikolsky–Eisenman equation, was used as the analytical signal of the potentiometric detector and plotted against the TCs’ concentration [63]. Linear regression lines were obtained for TTC, CTC, and DXC in the range from 1.0 × 10−7 to 1.0 × 10−5 M while, for OTC, it was in the range from 2.0 × 10−7 to 1.0 × 10−5 M, with coefficients of determination (R2) ≥ 0.9973. Regarding the UV detector, the peak area was used as an analytical signal and plotted against the TCs’ concentrations, attaining linear regression for all target TCs in the range from 1.0 × 10−8 to 1.0 × 10−5 M, with coefficients of determination (R2) ≥ 0.9977.



The LOD and LOQ of the potentiometric detector were determined as the lowest injected concentration of the TCs giving a signal-to-noise ratio of 3 and 10, respectively, while the standard deviation of the blank and the slope of the calibration curve was used for the UV detector. In the former, LOD and LOQ values were 1.0 × 10−7 and 2.0 × 10−7 M for OTC, whereas, for TTC, CTC, and DXC, they were 3.0 × 10−8 and 1.0 × 10−7 M, respectively. These values correspond to a range of 13.3 to 46.0 μg L−1 and 44.4 to 92.1 μg L−1 for LOD and LOQ, respectively. For comparison, the LOD and LOQ values obtained with the UV detector were 3.0 × 10−9 and 1.0 × 10−8 M for all target TCs, respectively. Nonetheless, as far as the authors know, this is the very first TC-selective electrode, coupled to HPLC, capable of determining TCs’ residues around the MRL level (100 μg L−1).



The precision of the HPLC method was assessed by the triplicate injection of standard solutions of TCs at concentrations of 3.0 × 10−7, 1.0 × 10−6, and 1.0 × 10−5 M on the same day and on three different days. The intra- and inter-day precision results were expressed by the RSD of the potentiometric and absorbance signal at each concentration level (Table 4 and Table S5). In the intra-day, the RSD ranged from 7.4 to 10.2%, 6.0 to 8.3%, and 4.1 to 7.1% for the potentiometric detector, while, for the UV detector, it ranged from 4.4 to 8.2%, 3.7 to 4.2%, and 2.9 to 4.2% at increasing TC concentration, respectively. Regarding the inter-day precision, the RSD ranged from 4.4 to 13.5%, 1.6 to 10.0%, and 4.1 to 7.1% for the HPLC-POT, while for the HPLC-UV, it ranged from 6.1 to 11.5%, 5.3 to 19.1%, and 1.2 to 11.4%, respectively. The variations obtained for all the tested compounds agree with the European requirements because they are lower than 20% and 10% for the applied target concentrations, proving the great precision of the method [62]. Moreover, in the case of the potentiometric detector, the inter-electrode reproducibility (n = 3) was also evaluated on a similar basis, and showed RSD values for the analytical signal ranging from 2.9 to 12.0%, 5.9 to 12.9%, and 3.7 to 8.9% at concentrations of 3.0 × 10−7, 1.0 × 10−6, and 1.0 × 10−5 M respectively.




3.3.2. Application in Real Sample Analysis


To assess the accuracy and applicability of the proposed method, different milk samples containing 0, 50, 100, or 200 μg L−1 of standard solution were analyzed concerning the four TCs. The recoveries were calculated according to the following equation:


Recovery (%) = [(TCFound − TCInitial)/TCSpiked] × 100



(1)




in which TCFound is the concentration of TCs measured in the extracts of the spiked milk samples, TCInitial is the intrinsic concentration of TCs in milk samples, and TCSpiked is the amount of TCs added to the milk samples. As observed in Table 5, TCs were not found in the collected milk samples and the recoveries ranged from 87.1 to 102.3%, 81.3 to 108.5%, and 84.1 to 103.9% in UHT skimmed milk, UHT semi-skimmed milk, and fresh semi-skimmed milk samples, respectively, with overall RSDs lower than 9.6%. These obtained values prove the required accuracy imposed by the European requirements, which only accept recovery values within the range between 80% and 110% for the applied target concentrations [62]. For comparison purposes, the spiked milk samples were also analyzed with the UV detector and the obtained concentrations of the two groups were equal as statically demonstrated by the calculated p-values for the bilateral t-test with a 95% confidence level (Table S6).



To complete the method validation, the specificity was evaluated by comparing the chromatograms of the extracts obtained from spiked samples with those obtained from blank milk samples and working standard solutions containing a mixture of all TCs. Figure 2 demonstrates that no interference between the matrix endogenous substances and the target TCs was found for the fresh semi-skimmed milk samples.





3.4. Comparison of the Proposed Method with Other Conventional Methods Reported in the Literature


The performance and the advantages of the herein proposed HPLC-ISE method were compared with the most recent methods based on HPLC for the determination of TCs’ residues in milk samples (see Table S7). By comparing the analytical features, sample volume, and instrumental technique, the LC-MS/MS methods are strengthened by their powerful resolution, selectivity, and sensitivity [11,12]. Among those advantages, MS/MS-based methods also allow multiclass detection [13,64], though the higher price of acquisition and maintenance, combined with the need for specialized human resources, limit their use in routine analysis for food quality control laboratories. Notably, the LOD/LOQ obtained with the proposed method enabled the determination of TCs below the MRL without a preconcentration step, which favorably contrasts with HPLC-UV methods [65,66]. As such, the possibility of reducing the volume of the sample, and especially of the reagents during the determination, makes it a greener methodology. On the other hand, the HPLC-ISE method demonstrated great accuracy (recoveries from 81.3 to 108.5%) and precision (RSD < 9.6%) in the determination of TCs’ residues around the MRL level in milk. Moreover, the simplicity and cost-effectiveness of the proposed potentiometric detector enhanced its use as an easy and affordable alternative to routine detectors.



Concerning the efficiency of the extraction method, the proposed SPE with OASIS PRIME HLB cartridges attained comparable and, in some cases, better recoveries than those of the other methods [67,68]. However, the total analysis time (extraction and separation) was higher than other innovative procedures based on liquid microextraction [69,70], matrix solid-phase dispersion [71], and online SPE [72], though was comparable with those based on conventional SPE with OASIS HLB [67,68].



Overall, the proposed method provided a straightforward alternative for the determination of TCs in milk samples, and, to the best of our knowledge, this is the very first TC-selective electrode, coupled to HPLC, capable of determining TCs’ residues around the MRL level (100 μg L−1). Additionally, the portability and miniaturization ability of potentiometric sensors, combined with innovative sample operation techniques and the downsizing of chromatographic columns, will certainly leverage the development of an integrated lab-on-chip platform for the remote screening of TCs in food samples.





4. Conclusions


In the present work, the use of cucurbit[8]uril as a macrocyclic receptor improved the analytical features (i.e., LOD, sensitivity, and precision) already described for other tetracycline-selective electrodes with different ionophores. Moreover, the incorporation of multi-walled carbon nanotubes as nanostructured materials in the sensing membrane improved the detection limit as well as the repeatability of the analytical signal of the potentiometric detector under the optimized chromatographic conditions.



Therefore, a simple, cost-effective, and reliable HPLC-ISE method is proposed for the simultaneous determination of four tetracycline antibiotics in milk samples at levels around the maximum residue limits within an analysis time of 30 min. Noteworthy, the advantages of the proposed method highlight its competitiveness towards the currently used methods, based on HPLC with diode-array and mass spectrometry detection, for the routine analysis of tetracycline residues in food samples.
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Figure 1. Illustration of the microfluidic wall-jet potentiometric cell used for the determination of tetracycline antibiotics. TC-SE—Tetracycline-selective electrode; RE—Reference electrode. Inset: Miniaturized TC-SE based on graphite conductive substrate prepared by the drop-casting of a tetracycline-selective membrane. 
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Figure 2. Chromatograms obtained with the proposed HPLC-ISE method after the injection of (a) extract of fresh semi-skimmed milk spiked at 100 µg L−1 (MRL level); (b) extract of blank fresh semi-skimmed milk; (c) standard solution of TCs at 3.0 × 10−7 M (≈140 µg L−1). 
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Table 1. Ion-selective membranes (ISMs) composition.






Table 1. Ion-selective membranes (ISMs) composition.





	

	
Components in the ISM (wt%)




	
ISM

	
PVC

	
FNDPE

	
CB[8]

	
TCPB

	
MWCNTs






	
A

	
31.00

	
68.97

	
–

	
0.03

	
–




	
B

	
31.00

	
68.07

	
0.90

	
0.03

	
–




	
C

	
31.00

	
67.07

	
0.90

	
0.03

	
1.00




	
D

	
31.00

	
66.07

	
0.90

	
0.03

	
2.00








PVC—polyvinyl chloride; FNDPE—2-fluorophenyl 2-nitrophenyl ether; CB[8]—cucurbit[8]uril hydrate; TCPB—potassium tetrakis(p-chlorophenyl)borate; MWCNTs—multi-walled carbon nanotubes.
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Table 2. Calibration parameters of the conventionally shaped electrodes prepared without (ISM A) and with ionophore (ISM B) in batch mode for different tetracycline antibiotics.






Table 2. Calibration parameters of the conventionally shaped electrodes prepared without (ISM A) and with ionophore (ISM B) in batch mode for different tetracycline antibiotics.





	
Calibration Parameter

	
ISM

	
CTC

	
DXC

	
OTC

	
TTC






	
Slope a, mV dec−1

	
A

	
62.5 ± 1.1

	
58.6 ± 0.9

	
54.0 ± 0.6

	
52.9 ± 1.6




	
B

	
63.4 ± 2.1

	
59.0 ± 0.1

	
56.2 ± 0.9

	
53.8 ± 2.2




	
Linear response range, M

	
A

	
3.0 × 10−7–1.0 × 10−3

	
3.0 × 10−7–1.0 × 10−3

	
6.0 × 10−6–1.0 × 10−3

	
1.0 × 10−6–1.0 × 10−3




	
B

	
3.0 × 10−7–1.0 × 10−3

	
3.0 × 10−7–1.0 × 10−3

	
6.0 × 10−6–1.0 × 10−3

	
1.0 × 10−6–1.0 × 10−3




	
Limit of detection a, M

	
A

	
(1.3 ± 0.6) × 10−7

	
(1.7 ± 0.3) × 10−7

	
(2.9 ± 0.0) × 10−6

	
(3.6 ± 0.2) × 10−7




	
B

	
(1.5 ± 1.3) × 10−7

	
(1.8 ± 0.7) × 10−7

	
(2.5 ± 0.0) × 10−6

	
(4.3 ± 0.5) × 10−7








a Standard deviation value was calculated from three subsequent calibrations of the same electrode.













[image: Table] 





Table 3. Effect of the incorporation of MWCNTs in the analytical performance of the miniaturized TC-selective electrodes coupled in the HPLC system.






Table 3. Effect of the incorporation of MWCNTs in the analytical performance of the miniaturized TC-selective electrodes coupled in the HPLC system.





	
Calibration Parameter

	
ISM

	
MWCNTs (wt%)

	
OTC

	
TTC

	
CTC

	
DXC






	
Slope a, mV dec−1

	
A

	
0.0

	
11.2 ± 0.3

	
24.9 ± 5.8

	
34.7 ± 6.2

	
21.0 ± 7.0




	
B

	
1.0

	
14.5 ± 0.3

	
31.0 ± 3.4

	
53.1 ± 5.5

	
41.3 ± 1.4




	
C

	
2.0

	
13.9 ± 2.3

	
33.0 ± 4.5

	
52.4 ± 6.5

	
41.5 ± 3.0




	
Limit of detection b, M

	
A

	
0.0

	
1.0 × 10−7

	
1.0 × 10−7

	
1.0 × 10−7

	
1.0 × 10−7




	
B

	
1.0

	
1.0 × 10−7

	
3.0 × 10−8

	
3.0 × 10−8

	
3.0 × 10−8




	
C

	
2.0

	
1.0 × 10−7

	
1.0 × 10−7

	
1.0 × 10−7

	
1.0 × 10−7




	
Precision c, RSD%

	
A

	
0.0

	
0.4

	
18.6

	
19.7

	
42.1




	
B

	
1.0

	
5.8

	
0.2

	
3.4

	
1.8




	
C

	
2.0

	
4.8

	
2.5

	
5.2

	
1.7








a Standard deviation value was calculated from three subsequent calibrations of the same electrode. b Based on a signal-to-noise ratio of 3. c Repeatability of the peak height calculated after triplicate injection of solution at 1.0 × 10−4 M.
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Table 4. Analytical figures of merit obtained with the proposed TC-selective electrode as detector in HPLC.






Table 4. Analytical figures of merit obtained with the proposed TC-selective electrode as detector in HPLC.





	
Validation

Parameter

	
OTC

	
TTC

	
CTC

	
DXC






	
Calibration curve

	
tR vs. [TC] µM




	
Linear range, M

	
2.0 × 10−7–1.0 × 10−5

	
1.0 × 10−7–1.0 × 10−5

	
1.0 × 10−7–1.0 × 10−5

	
1.0 × 10−7–1.0 × 10−5




	
Slope

	
63.4 ± 2.1

	
59.0 ± 0.1

	
56.2 ± 0.9

	
53.8 ± 2.2




	
Intercept

	
0.9987 ± 0.0003

	
0.9988 ± 0.0010

	
0.9993 ± 0.0001

	
0.9991 ± 0.0000




	
R2

	
0.9987 ± 0.0012

	
0.9986 ± 0.0006

	
0.9973 ± 0.0026

	
0.9983 ± 0.0027




	
LOD, M (μg L−1)

	
1.0 × 10−7 (46.0)

	
3.0 × 10−8 (13.3)

	
3.0 × 10−8 (14.4)

	
3.0 × 10−8 (13.3)




	
LOQ, M (μg L−1)

	
2.0 × 10−7 (92.1)

	
1.0 × 10−7 (44.4)

	
1.0 × 10−7 (47.9)

	
1.0 × 10−7 (44.4)




	
Precision, RSD%

	

	

	

	




	

	
Intra-day




	
3.0 × 10−7 M

	
10.2

	
7.9

	
12.5

	
7.4




	
1.0 × 10−6 M

	
6.0

	
8.3

	
6.7

	
6.6




	
1.0 × 10−5 M

	
6.6

	
4.1

	
7.1

	
4.9




	

	
Inter-day




	
3.0 × 10−7 M

	
4.4

	
11.7

	
13.1

	
13.5




	
1.0 × 10−6 M

	
1.6

	
10.0

	
7.2

	
4.9




	
1.0 × 10−5 M

	
1.7

	
3.7

	
5.1

	
7.2




	

	
Inter-electrode




	
3.0 × 10−7 M

	
12.0

	
10.7

	
5.1

	
2.9




	
1.0 × 10−6 M

	
5.9

	
9.4

	
8.3

	
12.9




	
1.0 × 10−5 M

	
6.2

	
3.7

	
8.9

	
6.2
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Table 5. Recovery values of the proposed HPLC-POT for the determination of TCs in spiked milk samples (n = 3 for each concentration).






Table 5. Recovery values of the proposed HPLC-POT for the determination of TCs in spiked milk samples (n = 3 for each concentration).





	
Analytes

	
Added

μg L−1

	
UHT Skimmed Milk

	
UHT Semi-Skimmed Milk

	
Fresh Semi-Skimmed Milk




	
Found

μg L−1

	
RSD

%

	
RV

%

	
Found

μg L−1

	
RSD

%

	
RV

%

	
Found

μg L−1

	
RSD

%

	
RV

%






	
OTC

	
0

	
N.D.

	
–

	
–

	
N.D.

	
–

	
–

	
N.D.

	
–

	
–




	
50

	
<LOQ

	
–

	
–

	
<LOQ

	
–

	
–

	
<LOQ

	
–

	
–




	
100

	
100.1 ± 3.2

	
3.2

	
100.1

	
103.3 ± 4.9

	
4.8

	
103.3

	
98.0 ± 6.9

	
7.1

	
98.0




	
200

	
204.6 ± 10.7

	
5.2

	
102.3

	
178.0 ± 6.2

	
3.5

	
89.0

	
180.4 ± 15.0

	
8.3

	
90.2




	
TTC

	
0

	
N.D

	
–

	
–

	
N.D

	
–

	
–

	
N.D

	
–

	
–




	
50

	
49.1 ± 4.2

	
8.6

	
98.3

	
50.1 ± 1.4

	
2.8

	
100.1

	
51.9 ± 1.6

	
3.1

	
103.8




	
100

	
91.0 ± 6.1

	
6.7

	
91.0

	
87.7 ± 5.3

	
6.0

	
87.7

	
84.1 ± 3.2

	
3.8

	
84.1




	
200

	
174.3 ± 16.8

	
9.6

	
87.1

	
194.4 ± 8.6

	
4.4

	
97.2

	
183.1 ± 13.9

	
7.6

	
91.5




	
CTC

	
0

	
N.D

	
–

	
–

	
N.D

	
–

	
–

	
N.D

	
–

	
–




	
50

	
46.9 ± 3.0

	
6.4

	
93.8

	
47.6 ± 1.2

	
2.6

	
95.2

	
49.2 ± 3.0

	
6.1

	
98.4




	
100

	
88.5 ± 7.9

	
8.9

	
88.5

	
88.7 ± 2.0

	
2.3

	
88.7

	
103.9 ± 4.5

	
4.3

	
103.9




	
200

	
197.0 ± 15.4

	
7.8

	
98.5

	
192.4 ± 5.6

	
2.9

	
96.2

	
185.4 ± 11.5

	
6.2

	
92.7




	
DXC

	
0

	
N.D

	
–

	
–

	
N.D

	
–

	
–

	
N.D

	
–

	
–




	
50

	
45.9 ± 3.2

	
6.9

	
91.8

	
48.5 ± 2.1

	
4.3

	
96.9

	
44.1 ± 1.9

	
4.3

	
88.2




	
100

	
95.6 ± 2.0

	
2.1

	
95.6

	
108.5 ± 2.1

	
1.9

	
108.5

	
88.1 ± 3.1

	
3.5

	
88.1




	
200

	
190.1 ± 12.2

	
6.4

	
95.0

	
162.7 ± 6.8

	
4.2

	
81.3

	
177.4 ± 10.7

	
6.0

	
88.7








N.D.—Not detected; RV—Recovery (%).
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