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Abstract

:

Two inexpensive and simple methods for synthesis of carbon nanodots were applied and compared to each other, namely a hydrothermal and microwave-assisted method. The synthesized carbon nanodots were characterized using transmission electron microscopy (TEM), ultraviolet-visible (UV-Vis), photoluminescence (PL), Fourier transform-infrared spectroscopy (FTIR), and X-ray diffraction (XRD). The synthesized microwave carbon nanodots had smaller particle size and were thus chosen for better electrochemical performance. Therefore, they were used for our modification process. The proposed electrodes performance characteristics were evaluated according to the IUPAC guidelines, showing linear response in the concentration range 10−6–10−2, 10−7–10−2, and 10−8–10−2 M of tobramycin with a Nernstian slope of 52.60, 58.34, and 57.32 mV/decade for the bare, silver nanoparticle and carbon nanodots modified carbon paste electrodes, respectively. This developed potentiometric method was used for quantification of tobramycin in its co-formulated dosage form and spiked human plasma with good recovery percentages and without interference of the co-formulated drug loteprednol etabonate and excipients.
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1. Introduction


Tobramycin sulfate (TOBRA) is a broad-spectrum aminoglycoside antibiotic (Figure S1), produced by Streptomyces tenebrarius [1]. It is highly effective against gram-positive and gram-negative bacteria, especially pseudomonas species. Although antibiotics are only directed against bacteria and not viruses, the aminoglycoside class of antibiotics, to which tobramycin belongs, could be used for treatment of secondary bacterial infections which could accompany the viral COVID-19 pneumonia [2]. Moreover, it was found that COVID-19 patients had symptoms of conjunctivitis [3], which can be treated with TOBRA. It was found that upon TOBRA administration as ophthalmic eye drops, some systemic absorption occurs, and the mean peak serum level reaches Cmax= 5 µg/mL [4]. Therefore, it was an urgent need to find a fast and sensitive method for quantification of TOBRA in human plasma, because the drug not only exerts its effects in the organ treated, but can in fact also evoke systemic harmful effects, namely headache and laryngospasm, when TOBRA is absorbed into the circulation, which requires careful monitoring [5].



However, the analysis of TOBRA is complicated, as it lacks absorbing chromophore and fluorophore groups in its structure (Figure S1), so it cannot be easily measured using spectroscopic techniques. Additionally, it is a highly polar molecule, having weak retention on reversed-phase liquid chromatographic columns, and its extraction is hindered by its high polarity [6]. These properties make TOBRA difficult to analyze. Chromatographic [6] and spectroscopic [7] methods have been reported for the determination of TOBRA using various derivatizing agents, but these methods have disadvantages of being tedious and time-consuming due to derivatization steps.



Potentiometric methods have several advantages, such as being green with no excessive solvent consumption, simple, sensitive, and fast, and not requiring tedious sample pretreatment steps [8]. While there are different forms of potentiometric electrodes, carbon paste electrodes, being all-solid-state electrodes, are of special interest, as they possess large potential windows, low background current, chemical inertness, low cost, surface renewability, and no need for an internal filling solution [9]. Furthermore, they are easily miniaturized and enable on-site analysis. They are composed of graphite powder, an electroactive material, and a liquid binder, with the addition of nanoparticles as a new modification [9]. A literature survey revealed that electrochemical determination of TOBRA was mainly performed through voltammetric sensors [10,11,12], and to date there is only one potentiometric sensor for the direct determination of TOBRA through a classical ion-selective electrode, where the sensing membrane was composed of β-cyclodextrin as ionophore for the evaluation of permeability of TOBRA in gram-negative bacteria [13]. Additionally, no carbon paste electrodes, whether bare or modified with nanoparticles, have been used for electrochemical determination of TOBRA.



Modification of the electrode sensing cocktail is a highly crucial issue, as it enables the fine tuning of the sensor response towards the target analyte, thus increasing the sensitivity and selectivity of the electrode [14]. Taking a look in the literature, carbon paste electrodes are modified through various nanomaterials, which usually offer an increased sensitivity. This is due to the increased surface area and fast response rate owing to the enhanced electron-transfer kinetics and reduced resistance [15,16,17]. One class of nanomaterials is metallic nanoparticles, which have attracted great attention due to their variety of applications in fields of biomedical optical and electrical sensing, resulting in the fabrication of many sensors for the detection of various analytes [18,19]. An example of the metallic nanoparticles is silver nanoparticles (AgNp). They are noble metal nanoparticles that have a particle size between 1–100 nm and possess unique optical, electronic, and antibacterial properties and high conductivity and are widely used in different areas such as bio-sensing, photonics, and antimicrobial and medical applications [18,20]. Silver nanoparticles have been mainly used in electrochemical sensors due to their high conductivity and high electrocatalytic activity, which are interesting properties, especially for voltammetry-based methods [18]. They have been used as additives to improve the sensitivity and selectivity of electrochemical sensors by signal amplifications and the conversion of chemical signal to electrical response, thus increasing the sensitivity of the proposed electrodes [21].



At the same time, there has been a lot of work investigating the inclusion of carbon nanomaterials in potentiometric sensors [22]. However, to date very little work has been performed on investigating the influence of modification of electrochemical sensor in general and potentiometric sensors in particular with carbon nanodots (C-dots) and especially doped C-dots on the electrochemical sensor performance in terms of sensitivity, selectivity, response time, etc. [23,24]. C-dots are the newest member of carbon-based nanomaterial family. C-dots are amorphous carbon nanoparticles with particle size ranging from 1–10 nm.



Preparation approaches of C-dots include two main techniques, “top-down” and “bottom-up” approaches. The “top-down” synthetic route involves cutting large carbon structures such as graphite and carbon nanotubes into C-dots using laser ablation and electrochemical methods. However, the “bottom-up” synthetic route involves the synthesis of C-dots from small molecules as precursors such as carbohydrates, citrates, and polyaromatic hydrocarbons. This “bottom-up” technique could be done by many methods such as hydrothermal, microwave-assisted method, pyrolysis, and ultrasonic and acid dehydration methods. Additionally, recent studies reported emerging, low cost raw materials used in the preparation of C-dots applied in electrochemical sensors such as biomasses and biochar [25,26], which shows the variety of starting materials that can be used for C-dot synthesis.



The most widely used techniques for C-dots synthesis are the hydrothermal and the microwave-assisted methods because of their relatively low cost and easy operating steps. However, the microwave-assisted method is considered to be greener, faster, and simpler for C-dots synthesis as compared to the hydrothermal one [27,28]. However, microwave-assisted synthesis became the most popular one because the synthesis process is completed in one step and consequently, it is quick and easy.



C-dots have been mainly used for optical sensors [27] due to their extraordinary fluorescence and quantum yield, but at the same time, they possess interesting conductive properties besides their interesting surface functionalization, which can be tuned depending on the starting materials and synthesis process, which makes them highly interesting candidates for electrochemical sensors. They have attracted great interest in sensor fabrication due to their large surface area, high sensitivity, mechanical strength, and selectivity to the target ion, and also good electrocatalytic activity. They have sp2 and sp3 hybridized carbon atoms with several OH, NH2, and COOH functional groups on their surface, which are responsible for their durability and excellent solubility in the sensing cocktail [27,28].



Recently, an interesting work was published comparing the effect of doping in C-dots on the performance of electrochemical sensors [24], showing the advantages of using doped C-dots for electrochemical determinations. However, C-dots were still incorporated in sensors for voltammetric and not potentiometric determination of analytes [23,24,29,30]. Therefore, it would be interesting to investigate the effect of C-dots on potentiometric sensors and to put it in a bigger picture through comparing it with noble metal nanoparticles such as modifiers, which were frequently used in literature for modification of electrochemical sensors.



Thus, in the presented work, two types of nanoparticles were incorporated into our constructed carbon paste sensors; the first one is AgNp and second is C-dots synthesized by two methods (hydrothermal and microwave-assisted methods). Electrochemical performance of the synthesized sensors was evaluated and compared to study the effect of nanoparticle addition. The developed sensors were successfully applied for quantitative determination of TOBRA in its co-formulated pharmaceutical dosage form without interference from loteprednol etabonate and excipients. TOBRA was further determined in spiked human plasma without interference from matrix components.




2. Materials and Methods


2.1. Instrumentation and Characterization


For the potentiometric measurements, a Ag/AgCl double junction electrode (Sigma-Aldrich, St. Louis, MO, USA) serving as an external reference electrode containing AgCl saturated with 0.3 M KCl as an inner filling solution was used and connected to Jenway digital ion analyzer Model3505 (Bibby Scientific Ltd., Stone, UK). pH adjustments were performed with a potentiometer using a Jenway pH glass electrode Model P14/BNC (Bibby Scientific Ltd., Stone, UK).



The hydrothermal synthesis of C-dots was performed using a Teflon-lined stainless-steel autoclave, while in the microwave synthesis of C-dots, a domestic microwave oven with 750 W (LG electronics, Tokyo, Japan) was used. Centrifugation of the synthesized C-dots dispersion was performed using a Sigma Centrifuge (model no. D-37520 Osterode am Harz, Göttingen, Germany) and the dispersion of the C-dots was done using an Elma Schmidbauer GmbH sonicator (model S30H, Singen, Germany).



The synthesized C-dots were visualized by transmission electron microscopy (TEM) using JEOL JEM-1400 electron microscope (Jeol Ltd., Tokyo, Japan) at 80 kV. X-ray diffraction (XRD) was performed on a Bruker AXS (D8 Advance), USA, using Cu Kα1 radiation (λ = 1.541 Å). Analysis of the surface functional groups of the C-dots was performed using a Perkin Elmer Fourier transform infrared spectrometer (FTIR), USA. A double beam spectrophotometer (UV-1800, Shimadzu-Japan) was used to record the UV spectra using 4 cm quartz cell, and a personal computer having UV-probe 2.10 software was connected. A spectrofluorimeter (Shimadzu, Japan) was used for fluorescence measurements using 1 cm quartz cell and a personal computer with Cary Eclipse scan application version 1.2. The total nitrogen (TN) content in nitrogen-doped C-dots was determined by a Multi N/C 3100 analyzer (Analytik Jena, Jena, Germany).




2.2. Materials


2.2.1. Samples


Pure Sample


TOBRA of purity 100.74% ± 0.505 according to reference method [7] was purchased from Al Andalous for Pharmaceutical Industries (Giza, Egypt).




Pharmaceutical Formulation


Lotepred® T ophthalmic solution (batch no. FTS0031) manufactured by Akums Drugs & Pharmaceuticals Ltd., labeled to contain 3000 μg TOBRA per 1 mL, was purchased from a local pharmacy.





2.2.2. Reagents


All chemicals used throughout this work were of analytical grade, and all solvents were of spectroscopic grade. Water was double distilled by Automatic Water still (Sci Finetech, Seoul, Korea). Polyvinylpyrrolidone (PVP)-capped silver nanoparticles powder (<100 nm) and graphite powder (mesh size < 20 µm) were purchased from Sigma Aldrich, USA. Fresh human plasma was purchased from VACSERA (Cairo, Egypt). Tetrahydrofuran (THF) and phosphotungestic acid (PTA) were purchased from Alfa Aesar (Ward Hill, MA, USA).



Methanol was purchased from Fischer Scientific, USA. Paraffin oil, NaCl, CaCl2, and glucose were purchased from El Nasr Company (Cairo, Egypt). Sucrose, orthophosphoric acid, citric acid, acetic acid, sodium hydroxide, and sodium dodecyl sulfate (SDS) were purchased from Loba Chemie, India. Boric acid and urea were obtained from Oxford Laboratory reagent, India. Benzalkonium chloride, Gentamicin, and Amikacin were kindly supplied by Rameda for pharmaceutical industries (Cairo, Egypt). Loteprednol Etabonate was kindly supplied by Al Andalous for pharmaceutical industries (Giza, Egypt).



Britton–Robinson buffer was prepared covering the pH range (2–12) following the procedure stated in the literature [31].





2.3. Standard Solutions


2.3.1. Standard Stock Solution


An appropriate weight of TOBRA reference material was accurately weighed and transferred into a 100 mL volumetric flask, and the volume was completed to the mark with Britton–Robinson buffer (pH 6.0) to prepare the first stock solution, having a concentration of 1 × 10−2 M.




2.3.2. Working Standard Solutions


Working standard solutions (1 × 10−10–1 × 10−3 M) were prepared by accurately transferring aliquots from the prepared stock solution (1 × 10−2 M) into 100 mL volumetric flasks, and the volume was completed using Britton–Robinson buffer (pH 6.0).





2.4. Procedures


2.4.1. Preparation of C-Dots by Microwave-Assisted Method


C-dots of uniform particle size were successfully prepared using citric acid and urea by microwave-assisted method described by Wang et al. [32]. In short, citric acid was dissolved with an equal weight of urea in distilled water, and the clear solution was heated in a domestic microwave for 5 min at a power of 750 W. The obtained dark brown solid was heated in a vacuum-oven for about 1 h at 60 °C, followed by dissolving the product in distilled water, centrifugation at 3000 rpm for 20 min, and filtration through a 0.25 µm syringe filter in order to get rid of large particles and agglomerates. The resultant brownish dispersion was then dried in an oven at 60 °C overnight, and the obtained solid could be then dispersed through sonication in the solvent of choice.




2.4.2. Preparation of C-Dots by Hydrothermal Method


Hydrothermal synthesized C-dots were prepared using sucrose and NaOH in Teflon-lined stainless-steel autoclave according to the method described by Lee et al. [33]. In short, sucrose was dissolved together with NaOH in an appropriate amount of water and the clear, transparent solution was heated in a Teflon-lined stainless-steel autoclave at 160 °C for 4 h. The resulting dispersion was cooled down, centrifuged at 3000 rpm for 20 min, and filtered through a 0.25 µm syringe filter to remove any big particles or by-products. The obtained solution was heated at 100 °C to precipitate any unreacted NaOH, which was then removed by filtration to obtain an aqueous C-dots dispersion.




2.4.3. Preparation of the Ion-Pair


The ion pair of TOBRA-PTA was prepared by slowly mixing 50 mL of 10−2 M PTA with 50 mL 10−2 M TOBRA, through stirring for 10 min. The resulting white precipitate was left in the mother liquor for 24 h to coagulate. Then, it was filtered through a filter paper and was allowed to dry at room temperature to be finally ground to a fine powder.




2.4.4. Sensors Fabrication


Bare Carbon Paste Electrode (Bare-CPE)


Twenty milligrams of TOBRA-PTA ion pair was mixed with 300 mg graphite powder in a mortar. The ion pair and the graphite powder were homogenized with few drops of liquid paraffin to form a smooth paste. The paste was then packed into a plastic tube (4 mm in diameter) to prevent air gaps formation. The electrical contact was established by inserting a copper wire (2 mm in diameter). A sandpaper was used to polish and smooth the external surface of the electrode. Finally, the electrode was conditioned by soaking into 10−2 M TOBRA solution for 24 h before use.




Silver Nanoparticles Modified Carbon Paste Electrode (AgNp-CPE)


AgNp-CPEs were prepared by adding different weights of silver nanoparticles powder ranging from (3–40 mg), while keeping the amounts of graphite powder, ion pair, and paraffin oil unchanged. AgNp-CPE was prepared by the same procedure as mentioned in the Bare-CPE preparation. The electrode was conditioned by soaking it in 10−2 M TOBRA solution for 24 h before use.




C-Dots Modified Carbon Paste Electrode (C-Dots-CPE)


C-dots-CPEs of different C-dots content were prepared by suspending 1 mg of C-dots powder into 350 μL THF through sonication for 30 min. From this dispersion, different volumes ranging from (10–40 μL) were added to the bare carbon paste mixture. C-dots CPE were prepared by the same manner as mentioned in the Bare-CPE preparation. The electrode was conditioned by soaking in 10−2 M TOBRA solution for 24 h before measurement.





2.4.5. Potentiometric Cell—Assembly


Unmodified and modified carbon paste electrodes| TOBRA solution || Ag/AgCl, KCl (saturated solution)




2.4.6. Electrodes Calibration


After conditioning, the three constructed electrodes were separately immersed in each of the standard TOBRA solutions (1 × 10−10–1 × 10−2 M) in conjunction with the double junction Ag/AgCl reference electrode. The electromotive force (emf) within ±1 mV was measured and recorded. The electrodes were well washed with distilled water between the runs to reach a constant potential. To obtain a fresh surface of the paste, the paste was squeezed out, and the surface was polished with a filter paper. The emf was plotted against the logarithm of the prepared TOBRA concentrations.




2.4.7. Application to Pharmaceutical Formulation


To determine TOBRA in its pharmaceutical dosage form, different aliquots of Lotepred® T ophthalmic solution were transferred separately into 25 mL volumetric flasks, and then the volume was completed to the mark using Britton–Robinson buffer pH 6.0 to obtain final concentration of 1 × 10−5, 1 × 10−4 and 1 × 10−3 M of TOBRA. The three prepared electrodes were immersed in the three prepared solutions, along with the double junction Ag/AgCl reference electrode. The emf was recorded, and the concentration was calculated from the corresponding regression equation accordingly.




2.4.8. Application to Spiked Human Plasma


To prepare the samples, three 20 mL stoppered shaking test tubes were loaded with different aliquots of TOBRA stock solutions, 1 mL plasma, and 2 mL methanol. The tubes were shaken for 1 min before being centrifuged at 8000 rpm for 30 min. To prepare 1 × 10−6, 1 × 10−5 and 1 × 10−4 M TOBRA plasma solutions, the supernatant was transferred into three 25 mL volumetric flasks and diluted with Britton–Robinson buffer, pH 6.0. The three prepared electrodes were immersed in the spiked plasma solutions along with the reference electrode and then washed with water in between measurements. The emf of each solution was measured by the proposed electrodes, and the concentration of TOBRA was determined using the corresponding regression equation.






3. Results and Discussion


3.1. Characterization of the Synthesized C-Dots


The success of C-dots synthesis was proved using various characterization techniques. The morphology of both microwave and hydrothermally-synthesized C-dots was characterized by TEM, as shown in Figure 1a,b, respectively. In case of the former method, TEM image showed that C-dots are spherical in shape, dispersed, and uniform in aqueous solution with a particle size less than 10 nm, while the hydrothermally-synthesized C-dots were spherical with a particle size ranging from 80 to 160 nm. Moreover, the TEM image of the hydrothermally synthesized C-dots shows several grey patches (Figure 1b), which is most probably due to organic by-products, which could be formed during the hydrothermal synthesis. It is known that microwave-assisted methods are quicker and more selective, resulting in fewer by-products [34]. Since the microwave-synthesized C-dots have no apparent by-products, smaller particle size, and a higher monodispersity compared to the hydrothermal synthesized ones, higher electro-active surface area, increased conductivity, and electrochemical performance is expected. Therefore, they were subjected to further characterization and were chosen to be used in later steps for modification of the bare carbon paste electrode to evaluate its electrochemical performance.



The optical properties of the nanoparticles were revealed using UV-Vis spectrophotometry and spectrofluorimetry. In UV-Vis spectrophotometry, the obtained spectrum (Figure 2a) showed three peaks at 405, 340, and 272 nm. The peak placed at 272 nm is a usual characteristic of C-dots and is due to π→π* transition of carbon nanoparticles [35,36]. The peak at 340 nm arises from n→π * transition of the C = O bond, and the peak at 405 is due to the extended conjugation found in C-dots structure [32,37]. The fluorescence spectrum (Figure 2b) showed an emission peak at 524 nm after being excited at 420 nm, representing green fluorescence.



The carbonyl, hydroxyl, and amine groups, which are characteristic functional groups on the surface of the C-dots, were characterized by FTIR (Figure 2c), where the broad absorption band at 3438 cm−1 is attributed to stretching vibration of O-H and secondary amine groups (N-H) [35]. These groups improve the dispersibility of the C-dots in sensing cocktail and avoid agglomerates formation. The C=O stretching vibration band appears at 1631 cm−1 and is an indication on an amide (-CONH-). Asymmetric and symmetric stretching vibrations of C-O-C appearing at 1100–1300 cm−1 point toward the presence of different oxygen-containing functional groups. The three peaks appearing at 1268, 1390, and 2925 cm−1 are characteristic to C-C, C=C, and C-H stretching vibrations, respectively, proving the presence of alkyl and aryl groups [32,35]. In order to prove the nitrogen doping, the total nitrogen content was determined in the microwave-synthesized C-dots, where a suspension of nitrogen-doped C-dots with a concentration of 208 µg/mL revealed a total nitrogen concentration of 29.98 µg/mL, which means a nitrogen content of about 14.4%, proving the presence of a considerable amount of nitrogen in these nitrogen-doped C-dots.



The XRD pattern shown in (Figure 2d) reveals a broad peak at 2θ = 27°, which is characteristic to the mainly amorphous nature of the synthesized C-dots [32,38].




3.2. Electrodes Fabrication


This method is based on coupling the cationic TOBRA with an anionic exchanger PTA, since TOBRA has a basic character (pKa = 8.4) [39], so that at acidic pH, the amino group is protonated and acts as a cationic exchanger. The cationic TOBRA was found to form an insoluble ion-pair with PTA in the ratio 1:1, as proven by the Nernstian slopes obtained.



Optimization of the Modified CPE Composition


The linearity, sensitivity, and selectivity of the electrodes depend on their composition. The modified carbon paste electrodes had the same composition as the bare carbon paste electrode (the amount of the graphite powder and ion pair are constant) with addition of ten different amounts of AgNp nanoparticles (3–40 mg), as shown in Figure S2a, or fourteen different C-dots suspension volumes ranging from 10–40 μL, Figure S2b. It is important to disperse the C-dots in an appropriate solvent in order to enable good dispersion of the C-dots on one hand and to ensure good mixing and miscibility with the other membrane components on the other hand to ensure equal distribution of the C-dots within the sensing cocktail without aggregation for optimal sensor performance. For that, THF and an aqueous SDS solution were investigated, where the C-dots were dispersed through sonication before mixing the dispersion with the other sensing cocktail components as done with other carbon materials in literature [40,41]. The C-dots dissolved in aqueous SDS solution resulted in low slopes and gave non-reproducible results when incorporated into the sensing cocktail, which is most probably a result of inadequate mixing of the SDS-based solution with the other components, resulting in inhomogeneous sensing cocktails. According to the obtained results, the electrode composed of 4.5 mg AgNp and that with 15 μL C-dots suspension dissolved in THF were found to be optimal for the determination of TOBRA, as they showed the best slope values of 58.34 and 57.32, respectively. Therefore, these two modified electrodes were selected for further experiments. It was found that mixing nanoparticles in the carbon paste increased the electro-active surface area and improved the conversion of chemical signal to electrical response and hence increased the conductivity and the sensitivity of the proposed electrodes. The addition of higher amounts of nanoparticles lead to a potential decrease of the slope and non-reproducible results, which probably resulted from reduction of the catalytic properties of electron transfer and the increase of the charge transfer resistance upon addition of higher amounts of nanoparticles [42].





3.3. Optimization of the Working pH


The pH adjustment of the measured solution is a critical step in the functioning of the fabricated electrodes. Therefore, the effect of pH on the response of the proposed electrodes was studied. As shown in Figure 3, the potential of the proposed electrodes was almost stable in solutions of pH values 5.5–7.5. This could be attributed to the ionization of TOBRA at acidic pH, being a basic drug with an average pKa value of 8.4. It was found that there would be approximately 9% rise in the TOBRA charged fraction as pH declined from 7.4 to 6.4 (that is, 90% charged to 99% charged) [39]. Consequently, a Britton–Robinson buffer of pH = 6 was chosen to be the best working pH value for the three proposed electrodes where the sensors responses were stable. The changes in potential at higher and lower pH values are due to H+ and OH− interference, as they are present at higher concentrations than the target ion. Moreover, at high pH values above 8, the potential decreased, probably due to the decrease of the ionized fraction of the drug from 90%, reaching 50% only [39].




3.4. Performance Characteristics of the BARE-CPE, AgNp-CPE, and C-Dots-CPE


The electrochemical performance of the proposed electrodes was evaluated according to IUPAC recommendation guidelines [43]. The proposed electrodes exhibited cationic Nernstian slopes with sensitivity depending on the electrode composition, as shown in Table 1. C-dots modified CPE was the most sensitive when compared to other electrodes, with detection limit down to 3.2 × 10−9 M, followed by AgNps modified CPE with detection limit 1.8 × 10−8 M and bare-CPE with the least sensitivity with a detection limit of 1.8 × 10−7 M. Slopes of the calibration curves were found to be 52.60, 58.34, and 57.32 mV/decade with linearity ranges 10−6–10−2, 10−7–10−2, and 10−8–10−2 M for bare, AgNp, and C-dots modified CPE, respectively (Figure 4).



The response time is important, as it helps to analyze a large number of samples in a short time, and it was found that AgNp and C-dots modified CPEs had shorter response times compared to the Bare-CPE Table 1.



Comparing the performance of the C-dot modified CPE with AgNp-CPE and the Bare-CPE reveals that the C-dot modified CPE outperforms the other electrodes in terms of sensitivity and linear range, which can be attributed to its good conductivity, high surface area, and excellent adsorption properties of organic molecules due to its carbonic nature as well as its surface functional groups. Moreover, the modification of the sensing cocktail with nitrogen-doped C-dots provides an increased hydrophilicity due to the different surface functional groups, enabling an improved wetting and subsequently a better contact to aqueous solutions, which also results in an improved sensing. Furthermore, the C-dots-CPE possesses higher stability and has a short response time, which is comparable to the response time of AgNp-CPE. The prolonged lifetime of the electrode in case of AgNp when compared to the Bare-CPE is mainly a function of its antibacterial and antifouling properties [44]. Surprisingly, the lifetime of the C-dots-CPE was even longer than that of the AgNp-CBE, which indicates that the included C-dots also have interesting antifouling properties, as recently observed by several other works [45,46]. At the same time, several other reasons could be involved in leading to the increased stability in case of the C-dots-CPE, which need to be further investigated. All this shows that C-dots provide cheap alternatives to noble metal nanoparticles and can even outperform them in certain cases if it they are tailored for the specific application through the precursors and the synthesis process.



The proposed sensors were also compared with other electrochemical sensors from literature for determination of TOBRA [13,47], as shown in Table 2. This comparison shows that C-dots-CPE is superior to the reported aptamer-based gold sensor and β-Cyclodextrin-based sensor concerning the LOD, working pH range, lifetime, and intraday precision.




3.5. Selectivity of the Proposed Electrodes


Selectivity of an ion selective electrode is defined as its specificity towards the target ion, in presence of other interfering ions present in the solution. The matched potential method (MPM) was used to determine the selectivity coefficients of our proposed electrodes [48]. According to IUPAC,    K  A , B   pot     can be calculated using the following equation:


   K  A , B   pot   =      a A ′  −      a   A     a B     



(1)




where    a A ′    is the activity of the primary ion,    a A    is the activity of the reference solution of the primary ion, and    a B    is the activity of the interfering ion. Table 3 shows the values of    K  A , B   pot     of the proposed electrodes. Results proved high selectivity of the proposed electrodes towards TOBRA in the presence of other interferents such as inorganic anions, cations, co-formulated loteprednol etabonate, and additives as NaCl, CaCl2, and benzalkonium chloride used in the pharmaceutical formulation. C-dots-CPE showed the best selectivity results for most of the tested interferents. Also interesting is the increased selectivity observed with similar aminoglycoside antibiotics (gentamicin and amikacin) as interferents, which shows the unique sensor characteristics achieved upon inclusion of nitrogen doped C-dots in the sensing cocktail.




3.6. Water-Layer Test


The water-layer test was first introduced by Fibbioli et al. [49] to test the potential stability of solid-contact ion selective electrodes such as carbon paste electrodes. This test was performed by recording the potential of the electrode in a solution containing the primary ion (1 × 10−5 M) TOBRA for one hour, then in a solution containing an interfering ion (0.1 M NaCl) for one hour, and then changing back to the TOBRA solution again.



As shown in Figure S3, the Bare-CPE showed negative drift in the interfering ion solution and positive potential drift when returned into TOBRA solution, which suggested the presence of a water layer. On the contrary, there were emf changes of approximately 100 mV upon switching the solutions from (1 × 10−5 M) TOBRA to 0.1 M NaCl in case of the AgNp and C-dots modified CPEs, which is due to change in the phase boundary potential at the interface between CPE and the sample, thus proving the sensing cocktail selectivity with a stable potential upon returning the electrode back to the TOBRA solution, proving the absence of water layer on the surface of proposed carbon paste electrodes and the improvement of the potential stability after the addition of nanoparticle in the solid contact electrode.




3.7. Application of the Proposed Electrodes for Analysis of Lotepred® T Ophthalmic Solution and Spiked Human Plasma


The proposed sensors were used for the analysis of TOBRA in Lotepred® T ophthalmic solution and spiked human plasma. Results obtained in Table 4 revealed the good recovery percent of the proposed electrodes for quantification of TOBRA in its dosage form and human plasma without interference from the co-formulated drug (Loteprednol Etabonate) or any other excipients and matrix components.




3.8. Statistical Comparison


The statistical comparisons of the proposed methods and the reference method [7] for determination of TOBRA are shown in Table 5. Results revealed that there was no significant difference between the proposed and the published method in accuracy and precision, as the calculated t and F values were less than the theoretical ones.





4. Conclusions


In this study, two carbon paste electrodes modified with silver nanoparticles and nitrogen doped C-dots were fabricated and compared to a bare carbon paste electrode and were used for potentiometric determination of Tobramycin in bulk, co-formulated pharmaceutical dosage form, and spiked human plasma. Moreover, two methods for synthesis of C-dots, namely hydrothermal and microwave methods, were tried and compared. Microwave-synthesized C-dots had smaller particle size and a narrower particle size distribution than the hydrothermal ones and were thus used for the preparation of the C-dots-CPE.



The results of our experimental work revealed that the performance of the carbon paste electrode was highly improved by the addition of the nanoparticles to the paste. The newly proposed electrodes showed very wide linear dynamic response in the concentration range reaching 10−8–10−2 M with excellent Nernstian slope reaching 58.34 mV/decade. C-dots-CPE was the most sensitive electrode with a LOD of 3.2 × 10−9 M with the best selectivity results. However, AgNp-CPE had the highest slope.



Nanoparticles in general have a positive effect on the performance of potentiometric electrodes due to their good conductivity and high surface area. While silver nanoparticles are interesting electrode modifiers due to their conducting and antifouling properties, doped carbon dots present a further interesting approach for potentiometric sensor modification further enhancing its sensitivity and stability. Furthermore, the ease of manufacture, low cost, and the ability to tune the surface functional groups and doping by selecting the appropriate starting materials enables a flexible tailoring of the carbon dots for the corresponding application, thus achieving high performance. Still more work is required to exploit the opportunities for the efficient incorporation of carbon dots in potentiometric sensors. Moreover, our proposed sensors were compared with other previously reported sensors for determination of TOBRA, showing several advantages regarding the limit of detection and lifetime.



Finally, it can be concluded that the modified CPEs had several advantages over the Bare-CPE ones, as they showed faster response time, longer life time, lower detection limit, wider linear dynamic range, and higher selectivity towards the target ion. Therefore, they are highly recommended for rapid and accurate routine quantitative analysis of TOBRA, especially during the COVID-19 pandemic.
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Figure 1. TEM image of (a) microwave-synthesized C-dots, (b) hydrothermally synthesized C-dots. In each inset, a single particle can be seen. 
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Figure 2. (a) UV-Vis spectrum of the microwave-synthesized C-dots showing three peaks at 405, 340, and 272 nm, (b) fluorescence spectrum of the microwave-synthesized C-dots showing excitation and emission peaks at 420 and 524 nm, respectively, (c) FTIR of the microwave-synthesized C-dots, and (d) XRD pattern of the microwave-synthesized C-dots. 
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Figure 3. Effect of pH on the response for the proposed (a) Bare-Carbon paste electrode, (b) AgNp-modified Carbon paste electrode, and (c) C-dots-modified Carbon paste electrode using 1 × 10−3 and 1 × 10−4 M TOBRA concentration. 
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Figure 4. Calibration curves of (a) Bare-Carbon paste electrode, (b) AgNp-modified Carbon paste electrode, and (c) C-dots-modified Carbon paste electrode. 
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Table 1. Performance characteristics of the three fabricated electrodes.
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	Parameters
	Bare-CPE
	Ag-Np-CPE
	C-dots-CPE





	Slope (mV/decade)
	52.60
	58.34
	57.32



	Intercept
	605.00
	484.20
	522.46



	LOD a (M)
	1.8 × 10−7
	1.8 × 10−8
	3.2 × 10−9



	Response time (s)
	30
	10
	10



	Working pH range
	5–7.5
	3.5–8
	5.5–7.5



	Concentration range (M)
	10−6–10−2
	10−7–10−2
	10−8–10−2



	Stability/Lifetime (days)
	21 days
	28 days
	36 days



	Accuracy b

(mean recovery ± SD)
	100.35 ± 1.002
	99.77 ± 0.947
	99.88 ± 1.239



	R
	0.9999
	0.9999
	0.9999



	Intra-day precision (RSD%) c
	0.756
	0.601
	0.544



	Inter-day precision (RSD%) c
	0.955
	0.893
	0.672







a LOD: Limit of detection is calculated by extrapolating the calibration curve linear segments. b Mean of five determinations. c Relative standard deviations for three concentrations (1 × 10−6, 1 × 10−5, 1 × 10−4 M) carried out in triplicate on the same day for intra-day precision and on three successive days for inter-day precision.
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Table 2. Comparison of the sensors prepared in this work with other electrochemical sensors for the determination of TOBRA from literature.
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Parameters

	
Bare-CPE

	
Ag-Np-CPE

	
C-Dots-CPE

	
Aptamer-Based Gold Sensor [47]

	
β-Cyclodextrin-Based Sensor [13]






	
Technique

	
Potentiometry

	
Differential pulse voltammetry

	
Potentiometry




	
Intercept

	
605.00

	
484.20

	
522.46

	
0.1334

	
389.3




	
LOD [M] a

	
1.8 × 10−7 a

	
1.8 × 10−8 a

	
3.2 × 10−9 a

	
5.13 × 10−9 b

	
1 × 10−6 a




	
Working pH range

	
5–7.5

	
3.5–8

	
5.5–7.5

	
7–7.5

	
5.5–7.5




	
Concentration range

	
10−6–10−2 M

	
10−7–10−2 M

	
10−8–10−2 M

	
10–200 nM

	
10−5–10−2 M




	
Stability/Lifetime (days)

	
21 days

	
28 days

	
36 days

	
14 days

	
21 days




	
R

	
0.9999

	
0.9999

	
0.9999

	
0.9969

	
0.998




	
Intra-day precision (RSD%)

	
0.756

	
0.601

	
0.544

	
4.3

	
2.74








a LOD: Limit of detection is calculated by extrapolating the calibration curve linear segments. b LOD: (3×standard deviations of blank signal/sensitivity).
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Table 3. Selectivity coefficients (   K  TOBRA ,    interferent    pot    ) of the three proposed CPE using matched potential method (MPM).
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	Interferents
	Bare-CPE
	AgNp-CPE
	C-Dots-CPE





	NaCl
	1.24 × 10−2
	9.00 × 10−3
	6.68 × 10−3



	CaCl2
	1.75 × 10−1
	5.08 × 10−3
	9.00 × 10−3



	Benzalkonium chloride
	1.575 × 10−2
	3.79 × 10−3
	9.00 × 10−3



	Glucose
	9.90 × 10−2
	5.51 × 10−3
	2.986 × 10−3



	Loteprednol Etabonate
	1.60 × 10−2
	9.00 × 10−3
	4.669 × 10−3



	Gentamicin
	1.72 × 10−1
	3.028 × 10−2
	9.441 × 10−3



	Amikacin
	3.15 × 10−1
	2.65 × 10−2
	8.66 × 10−3










[image: Table] 





Table 4. Determination of TOBRA in Lotepred® T ophthalmic solution and spiked human plasma by the proposed electrodes.
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In Lotepred® T Ophthalmic Solution




	
Taken TOBRA Conc (M)

	
Bare-CPE

	
AgNp-CPE

	
C-Dots-CPE




	
Recovery%

	
Recovery%

	
Recovery%






	
1 × 10−5

	
100.00%

	
101.00%

	
100.56%




	
1 × 10−4

	
101.70%

	
100.00%

	
99.31%




	
1 × 10−3

	
99.31%

	
99.20%

	
98.01%




	
Mean ±SD

	
100.34 ± 1.230

	
100.07 ± 0.902

	
99.29 ± 1.275




	

	
In Spiked Human Plasma




	
Taken TOBRA Conc (M)

	
Bare-CPE

	
AgNp-CPE

	
C-Dots-CPE




	
Recovery%

	
Recovery%

	
Recovery%




	
1 × 10−6

	
100.80%

	
97.72%

	
99.44%




	
1 × 10−5

	
97.94%

	
100.23%

	
97.46%




	
1 × 10−4

	
99.31%

	
99.71%

	
97.72%




	
Mean ±SD

	
99.35 ± 1.430

	
99.22 ± 1.325

	
98.21 ± 1.076
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Table 5. Statistical comparison between the proposed methods and the reference method [7] of TOBRA in its pure form.
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Parameter

	
Bare-CPE

	
AgNp-CPE

	
C-Dots-CPE

	
Reference Method [7] a






	
Mean

	
100.35

	
99.77

	
99.88

	
100.74




	
SD

	
1.002

	
0.947

	
1.239

	
0.505




	
N

	
5

	
6

	
7

	
4




	
Variance

	
1.004

	
0.897

	
1.535

	
0.255




	
t-test

	
0.703 (2.365) *

	
1.855 (2.306) *

	
1.303 (2.262) *

	




	
F

	
3.937 (9.117) *

	
(9.013) *

	
6.02 (8.941) *








* The parenthesis indicates the corresponding theoretical t and F values at (p = 0.05). a Colorimetric method where TOBRA reacts with diphenylamine to form a blue colored complex whose color intensity is measured at 635 nm.
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