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Abstract

:

Rutin is a natural antioxidant flavonoid compound with anti-inflammatory, antioxidant, and antiviral effects that is used to prepare drugs with wide application in clinical treatment. Therefore, the quantitative detection of rutin has important practical significance. In this work, a novel electrochemical sensor based on glassy carbon electrodes (GCEs) modified with sodium carboxymethylcellulose (CMC), multi-walled carbon nanotubes (MWCNTs), and 1-butyl-3-methylimid (ionic liquid, IL) was developed for the super-sensitive detection of the flavonoid rutin. The properties of these modified materials were analyzed by transmission electron microscope (TEM), cyclic voltammograms (CVs), and electrochemical-impedance spectroscopy (EIS). CMC was used to disperse MWCNTs to further enhance their hydrophilicity and biocompatibility. The modified MWCNTs improved the sensitivity of rutin detection. The square-wave voltammetry (SWV) technique showed that the linear range of rutin concentration determination was 0.01 μM to 1 µM and 1 µM to 10 µM. The minimum concentration detection of rutin was 0.83 nM and 6.6 nM, respectively. The proposed sensor presented good selectivity for rutin and successfully analyzed rutin content in the pharmaceutical rutin tablets. These results are consistent with those measured by ultra-high-performance liquid chromatography (UHPLC). Therefore, this sensor has latent application value in the analysis of rutin in food and drug tablets and nutraceutical samples.
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1. Introduction


Rutin (rutoside, quercetin-3-rutoside) is a flavonoid glycoside compound composed of flavonoic aglucone quercetin, along with disaccharide rutinose [1,2], that has widespread distribution in plenty of plants, such as buckwheat, sophorae rice, tea, flavedo, and tomato [3,4]. Rutin has many beneficial biological activities, including antiphlogistic, antivirotic, antiallergic, antioxidative, antihypertensive, and antitumor effects, and plenty of other characteristics. It is mainly used to treat capillary hemorrhage with increased fragility, and can also maintain the elasticity of blood vessels, enhance capillary resistance, reduce capillary fragility and permeability, and promote cell proliferation and prevent blood-cell agglutination. In addition, rutin is also applied for treating hypertensive encephalopathy, cerebral hemorrhage, retinal hemorrhage, hemorrhagic purpura, acute hemorrhagic nephritis, recurrent epistaxis, traumatic pulmonary hemorrhage, and postpartum hemorrhage. These many biomedical protective actions are principally put down to its oxidation resistance by scavenging an amount of various oxidizing species such as peroxyl radicals, hydroxyl radicals, or superoxide anions. Because of its dominant biological and pharmacological activities, it has aroused widespread attention and has been widely applied in the medical and health-care system. At present, rutin is not only served in the anthropic diet as an antioxygen and nutritional enhancer but is also used as a retardant in the therapy of certain diseases, such as an oxidation-resistant, anti-inflammatory, antihemorrhagic, antiviral, and neuroprotective agent. In particular, it can effectively regulate the perviousness of blood capillaries and improve the stability of thrombocytes. This compound has been extensively used in pharmacy and medicine as an anti-inflammatory, anti-bacterial, anti-oxidant, and anti-aging therapeutic agent [5,6,7,8,9,10,11,12,13]. Hence, it is vital to build a sensitive, convenient, fast, and economical analytical technique for the detection and quantification of rutin in pharmaceutical, food, and clinical samples [14,15].



Nowadays, plenty of analytical techniques have been used for the quantitative measurement of rutin, incorporating thin-layer chromatogram scanning, high-performance liquid chromatography (HPLC), spectrophotometry, and capillary electrophoresis [16,17,18,19,20,21,22,23,24]. However, flaws in these methods include wasted time, high cost, the need for skilled operators, and expensive equipment. Compared with the above methods, the electrochemical method is a preferred technology with high sensitivity, simplicity, and stability [25]. However, it is crucial to find suitable electrode-modified materials to improve the electrode’s selectivity, sensitivity, and stability [26,27,28]. At present, multi-walled carbon nanotubes (MWCNTs) have been put into use in many fields due to their excellent specific surface area and electrochemical, thermodynamic, and mechanical properties [29,30,31]. Considering that MWCNTs have strong hydrophobicity and tend to form a number of irreversible aggregates, we introduced sodium carboxymethylcellulose (CMC) to improve the hydrophilicity and electrical conductivity of MWCNTs [30,32].



In this study, we developed a novel and highly sensitive electrochemical sensor based on an ionic liquid (IL) and a CMC-MWCNT nanomaterial modified electrode for rutin determination. Here, IL is used because of its good conductivity, outstanding thermodynamic stability, and wider potential window so as to improve the electrochemical signal of the modified electrode [33,34,35,36,37]. The basic electrochemical performance of the sensor, as well as its sensitivity, stability, anti-interference, repeatability, and reproducibility, were evaluated through a variety of electrochemical experimental techniques. In addition, we use the constructed electrochemical sensor to detect rutin content in drug samples to evaluate its practical feasibility. The accuracy and sensitivity of the electrochemical sensor we built for rutin measurement were also evaluated by comparing with the results measured by ultra-high-performance liquid chromatography (UHPLC). In addition, the CMC we used is non-toxic, nafion solution, ionic liquid, and multiwalled carbon nanotube are slightly toxic. In view of safety concerns, we are currently thinking more about using it for vitro measurements and in the future considering safer nontoxic materials for in vivo measurements.




2. Materials and Methods


2.1. Reagents and Materials


Rutin (98.0%), amoxicillin (98%), and clotrimazole (98%) were offered by Shanghai Yuanye Co., Ltd., Shanghai, China. MWCNTs (>98%) were obtained from Shenzhen Nanotech Port Co., Ltd., Shenzhen, China. CMC (>98%) was purchased from Shanghai Sinopharm Chemical Reagent Co., Ltd., Shanghai, China. 1-Butyl-3-methylimid (IL, >99.0%) was obtained from Sichuan West Asia Chemical Co., Ltd., Suining, China. Nafion (NF, 5% a mixture of lower aliphatic alcohols and water), glucose (Glu, ≥99%), sodium dihydrogen phosphate (NaH2PO4·2H2O, ≥99%), and disodium hydrogen phosphate (Na2HPO4·12H2O, ≥99.0%) were obtained from Sigma-Aldrich (St. Louis, MO, USA). Ethanol (99.7%) was offered by Tianjin Benchmark Chemical Reagent Co., Ltd., Tianjin, China. Vitamin B1 (Vit B1, >99%) and inositol (≥97%) were offered by Beijing Dingguo Biotechnology Co., Ltd., Beijing, China. Vitamin C (Vit C, >99.7%) was purchased from Beijing Aoboxing Biotechnology Co., Ltd., Beijing, China. Uric acid (UA, ≥99.0%) was obtained from Sinopharm Chemical Reagent Co., Ltd., Shanghai, China. Sodium sulfite (≥98%), sodium nitrite (≥99%), and levodopa (≥98%) were obtained from Sigma-Aldrich. Pyrogallic acid (>99.0%) was offered by Shanghai Aladdin Biochemical Technology Co., Ltd., Shanghai, China. Urea was obtained from Tianjin Deen Chemical Reagent Co., Ltd., Tianjin, China. Rutin solution was prepared with ethanol as the solvent, and 50 mM phosphate-buffer solution (PBS) was employed as sustaining electrolyte. All of these reagents are analytical level and do not need additional purification. All water employed in this study was prepared in an 18 MΩ ultra-pure water machine.




2.2. Apparatus and Measurements


All electrochemical experiments were conducted on a CHI660E electrochemical workstation (Shanghai Chenhua Instrument Co., Ltd., Shanghai, China). The system of the triple electrode was applied in the experiment with a 3 mm diameter GCE, a saturated Ag/AgCl electrode, and a platinum wire, which represented the working electrode, the reference electrode, and the counter electrode, respectively [38,39,40,41]. Methods of cyclic voltammetry (CV), linear-sweep voltammetry (LSV), differential-pulse voltammetry (DPV), and square-wave voltammetry (SWV) were carried out in 50 mM pH 5 phosphate-buffer solution (PBS) with a scan rate of 100 mVꞏs−1, respectively. The parameters of LSV were the system-default settings (scan rate: 0.1 V/s, sample interval: 0.001 V). The parameters of DPV were the system-default settings (amplitude: 0.05 V, pulse width: 0.05 s, sampling width: 0.0167 s). The parameter settings of SWV were amplitude: 0.05 V, frequency: 20 Hz. The electrochemical-impedance spectroscopy (EIS) was performed in 5 mM [Fe(CN)6]3−/4− solution containing 0.1 M KCl in the frequency range from 102 to 106 Hz [42,43]. All electrochemical experiments were performed at a temperature of 25 °C.



The transmission electron microscope (TEM) images were obtained from a JEM-2100 transmission electrode microscope (JEM-2100, JEOL, Tokyo, Japan) at 200 kV [44,45,46]. The morphology of the nanocomposite film was investigated by scanning electron microscope (SEM) using Carl Zeiss at 20 kV. The Raman spectra of the prepared nanocomposite film samples were recorded on a Renishaw inVia spectrometer at room temperature using the excitation wavelength 532 nm of an Ar+ laser.



Ultra-high-pressure liquid chromatography (UHPLC) was used to detect the content of rutin in drugs as a standard method (1290 Infinity II, Agilent, Santa Clara, CA, USA) [47]. Elution was executed on an Eclipse Plus C18 column (2.7 μm, 4.6 × 100 mm). The mobile phase was comprised of water and methanol with a volume ratio of 40:60 and worked at a flow rate of 0.2 mLꞏmin−1. The wavelength of detection and the sample’s injection volume were 365 nm and 10 μL, respectively.




2.3. Electrode Preparation and Modification


Before the electrode modification, the surface of a glassy carbon electrode (GCE) was burnished on the chamois leather with aluminum-oxide suspension with particle sizes of 1.0, 0.3, and 0.05 µm [48]. Therewith, the GCE conducted supersonic inspection in 75% ethanol first for 15 min and then supersonic inspection in hyperpure water for approximately 15 min. After that, the electrode was placed and dried in a drying tower.



The GCE modification process is as follows: Firstly, 5 mg of CMC were added into 1 mL of ultra-pure water. Then, 2 mg of MWCNTs were dispersed into 1 mL of ultra-pure water containing 5 mgꞏmL−1 CMC solution (v:v = 9:1). After that, 2 µL of the mixture of the CMC-MWCNTs dispersive liquid were dropped on the prepared GCE surface and dried for 25 min at room temperature. Afterwards, 0.8 µL of IL were dropped on the electrode and incubated for 4 h at 4 °C. At last, 2 µL of NF solution were cast on the electrode surface and dried at 25 °C, which was used to prevent the modified materials from falling off the GCE surface. In addition, other modified electrodes were also prepared with similar steps. Figure 1 shows the manufacturing operation of the modified electrode.




2.4. Real-Sample Preparation


Rutin tablets (20 mg/tablet) were purchased from two different local pharmacies, and the two kinds of tablets were dissolved in the methanol. After ultrasonic, off-center, and filter treatment for purification, the sample solutions (sample 1 and sample 2) were prepared for the final content determination by using electrochemical and UHPLC analysis.





3. Results and Discussion


3.1. Characteristics of Nanomaterials


TEM was used to realize the morphology features of MWCNTs and CMC-MWCNTs. The TEM image of the MWCNTs is displayed in Figure 2A. It could be seen that a great deal of multi-walled carbon nanotubes were piled up and twisted together. Figure 2B shows the TEM image of composite CMC-MWCNTs. It can be observed that the multi-walled carbon nanotubes were obviously dispersed, which illustrates that CMC had the better dispersion ability. Moreover, it can be seen that the MWCNTs had a long arm, and a curved and tubular structure. This may have provided more active sites and loading areas to elevate the electrical conductivity. In addition, we did a cross-sectional study of the CMC-MWCNT-IL layer via SEM and the image is shown in Figure 2C. The thickness of the CMC-MWCNT-IL layer was about 1 μm.



Raman spectroscopy is essential for the study of the molecular vibration of carbon materials. The Raman spectra of the MWCNT (a), CMC-MWCNT (b), and CMC-MWCNT-IL (c) nanocomposite films are shown in Figure 2D. Raman spectra for the carbon nanotubes consisted of the main G band at around 1570–1580 cm−1 and the disorder band D at around 1320–1350 cm−1. The D band represents the disordered graphite structure (sp3) and the G band is associated with an ordered carbon (sp2) in a two-dimensional hexagonal lattice, which is related to the graphite structure of the nanotubes. The band-intensity ratio (ID/IG) is a measure of the defect and disorder density of the MWCNT side wall. The intensity ratio ID/IG for the MWCNT was 0.31, whereas it was 0.45 for the CMC-MWCNT and 0.7 for the CMC-MWCNT-IL nanocomposite film. This confirms the successful functionalization of MWCNT.




3.2. Electrochemical Characterization of Nanomaterial-Modified GCEs


CV and EIS can provide information about the electrochemical properties of these different modified GCEs. The electrochemical evaluation of every modification step on the electrode was carried out using the CV method in 50 mM phosphate-buffer solution containing 5 μM rutin and EIS in 5 mM [Fe(CN)6]3−/4− solution of 0.1 M KCl. The CV measurements of the bare GCE, NF/MWCNTs/GCE, NF/CMC-MWCNTs/GCE, and NF/IL/CMC-MWCNTs/GCE are shown in Figure 3A. On the basis of the CV measurements, it can be seen from Figure 3A that the bare GCE (curve a) had an extremely weak redox peak, whereas the NF/MWCNTs/GCE (curve b) had an obvious redox peak compared to the bare GCE, which is attributed to the electroconductibility of MWCNTs. The NF/CMC-MWCNTs/GCE (curve c) had a better redox signal than curve b, which might have been due to the improved dispersion of multi-walled carbon nanotubes by CMC, which further improved its conductivity. After the modification of the NF/CMC-MWCNTs/GCE with IL (curve d), the strongest redox peaks occurred at 0.421 V and 0.377 V. The difference potential (ΔE) was 44 mV [49]. The anodic peak current (Ipa) and cathodic peak current (Ipc) were 11.13 μA and 10.07 μA, respectively, with a peak-current ratio (Ipc/Ipa) of about 1, which indicates that the direct electrochemistry of rutin on the modified GCE was quasi reversible. Moreover, the embedded graph of Figure 3A shows that there was no redox response at these different modified GCEs in the absence of rutin. Meanwhile, Figure 3B shows the CVs of NF/IL/CMC-MWCNTs/GCE in the absence (curve a) and presence (curve b) of 5 μM rutin in 50 mM phosphate-buffer solution. It can be observed from Figure 3B that in the absence of rutin there were no redox signals generated, but when rutin existed obvious strong, sensitive, and reversible redox peaks were produced, which were acquired from the cyclic voltammograms. These results manifest that rutin is an electro-active substance that can produce a redox reaction on the electrode and shows a strong redox-current signal. In addition, the reaction process of rutin on the electrode is as follows: rutin is oxidized to quinone on the electrode and it then reacts with the active hydroxyl group on the glassy carbon electrode. In fact, the two pathways by which electrochemical oxidation occurs are closely related to the two catechol hydroxyl groups and the other two hydroxyl groups. At low potential for rutin, the two hydroxyl groups on the C ring first contribute two electrons and participate in a reversible oxidation reaction that eventually forms rutin orthoquinone. The second oxidation occurs at a more positive potential and may correspond to the interconversion of the 7-hydroxyl and -oxygen radicals in the A-ring, which in turn promotes the subsequent oxygen-precipitation reaction, and the former substance is regenerated. The final oxidation reaction occurs at a more positive potential and the product does not have the structural features of a flavonoid [15,33]. The oxidation-reaction process of rutin on the electrode only involves rutin losing two electrons on the electrode, producing quinone and two protons at the same time. Furthermore, the proposed reaction mechanism of rutin on the electrochemical sensor is shown in Scheme 1.



EIS measures the impedance at the electrode/solution interface and take into account both types of currents: capacitive (C) and resistance (R) [50]. The change in the impedance components (charge-transfer resistance, Rct; and double-layer capacitance, Cdl) directly expresses the solution composition or the binding occurring at the electrode/solution interface [43]. EIS can offer some information with regard to the different modified electrodes on the impedance variations of the electrode surface during the different modified process. In the Nyquist diagrams, the Rct corresponds to the semicircular part, whereas the linear part represents the diffusion processes [51]. Explicitly, the Rct value can change with the variations in the charge distribution on the sensor surface and other factors, such as the change in the surface’s hydrophobicity [52]. The smaller the charge-transfer resistance (Rct), the better represented the electron-transfer kinetics at the sensor interface [53]. Usually, we can compute the diameter of the semicircle to get the value of Rct, which illustrates that the electron’s transport on the electrode’s surface is faster. The impedance data from the Nyquist plots were fitted on the basis of the Randle equivalent-circuit model in Figure 4 (inset). Then, the Rct values of the bare GCE (curve a), NF/MWCNTs/GCE (curve b), NF/CMC-MWCNTs/GCE (curve c), and NF/IL/CMC-MWCNTs/GCE (curve d) were determined to be 91.08, 84.28, 83.39, and 71.46 Ω, respectively (Figure 4). It was shown that the Rct value of NF/CMC-MWCNTs/GCE (84.28 Ω) was below the Rct value of NF/MWCNTs/GCE (84.28 Ω) and bare GCE (91.08 Ω), which demonstrates that MWCNTs possess the predominant conductivity and the dispersion of MWCNTs by CMC perhaps are capable of increasing the effective transfer area of the electron and electron-transfer rate on the electrode surface. The Rct of NF/IL/CMC-MWCNTs/GCE (71.46 Ω) was further decreased, which can be interpreted as IL having good electrical conductivity, which can further enhance the electron-transport rate on the electrode surface. The Rct value decreased with the increase in electron-transfer rate, which also corresponds with the results of the CVs on different modified electrodes.




3.3. Effects of Scan Rates


CVs of NF/IL/CMC-MWCNTs/GCE at different scan rates were carried out in the presence of 5 μM rutin and the results are shown in Figure 5A; thus, it can be seen that the redox peak currents increased with the increase in scanning speed. Figure 5B shows the relationship between different scan rates and peak currents, which maintained a great linear relationship. The regression equations were Ipa = 66.927v + 2.8994 (R2 = 0.9928) and Ipc = −62.258v − 2.411 (R2 = 0.9944). It can be seen from Figure 5C that the absolute slope values of log I vs. log v were close to 1, which indicates that the electrochemical redox reaction of rutin on the modified electrode surface was an adsorption-controlled process. With that, we used the modified NF/IL/CMC-MWCNTs electrode after measuring with the different scan rates in the blank phosphate-buffer solution with different scanning cycles (Figure 5D). In Figure 5D, the effect of different scanning segments on the CV process of the modified NF/IL/CMC-MWCNTs electrode after measuring with the different scan rates in the absence of rutin is shown, which suggests that the diffusion-controlled performance was slow. Moreover, it can be seen from Figure 5D that the redox-peak currents of the modified electrode decreased with the increase in scanning cycles. This proves that rutin could be released from the electrode surface into phosphate-buffered solution gradually, and this result that further validates the above conclusion.




3.4. Different Methods of Rutin Measurement


To verify the optimal catalytic performance of the proposed electrochemical sensor, three different approaches were used to perform the measurements in this work. The electrochemical performance of the modified NF/IL/CMC-MWCNTs/GCE electrochemical sensor was measured using different concentrations (0.1 μM–20 μM) of rutin in 50 mM pH 5 phosphate-buffer solution by employing various testing methods, including square-wave voltammetry (SWV), differential-pulse voltammetry (DPV), and linear-sweep voltammetry (LSV). Figure 6A–C represents the reduction-peak current-response signals of the three different methods of SWV, DPV, and LSV, respectively. Figure 7A–C represents the oxidation-peak current-response signals of the three different methods of SWV, DPV, and LSV, respectively. It is clear that Figure 6A–C shows that with an increased in concentration of rutin from 0.1 μM to 20 μM the reduction-peak current response also increased markedly. At the same time, we further investigated the oxidation-peak current. It can be observed from Figure 7A–C that the oxidation-peak current increased distinctly with increasing rutin concentration (0.1 μM–20 μM) as well, which demonstrates that the oxidation-peak current was higher than the reduction-peak current.



In order to compare the sensitivity of different methods to detect rutin from Figure 6 and Figure 7 more intuitively, we plotted Figure 8. We can directly observe from Figure 8A–C that the oxidation-peak current-response signals of the three techniques were higher than that reduction-peak current-response signals. In addition, it is evident that the oxidation-peak response signal of the SWV method was the strongest, as seen in Figure 8D. Therefore, the SWV technique was pitched for the subsequent study. In addition, the redox-peak current-response signals increased significantly between the concentration of rutin in the range of 0.1 μM to 10 μM and increased slowly beyond the concentration of rutin at 10 μM, so we selected the rutin-concentration range of 0.1 μM to 10 μM as the subsequent accurate measurement in this paper.




3.5. Effects of pH Values


The effects of the pH values of the phosphate-buffer-solution research on NF/IL/CMC-MWCNTs/GCE by the SWV method was carried out in the presence of 5 μM rutin, and the results are shown in Figure 9A. It can be observed that the oxidation-peak current was accompanied by an increase in the phosphate-buffer-solution pH value from 3 to 5, whereafter the current depreciated with a phosphate-buffer-solution pH value higher than 5. At the same time, it can be seen from Figure 9B that the oxidation-peak current reached a maximum value at the phosphate-buffer-solution pH value of 5. Therefore, pH 5 was selected as the optimal phosphate-buffer-solution pH value for the next test.




3.6. Precision Detection of Rutin


In order to study the precision and high-sensitivity measurement of the proposed electrochemical sensor for different concentrations of rutin, according to the study of different measurement methods described above, the SWV method was used to determine rutin on NF/IL/CMC-MWCNTs/GCE, and the results are shown in Figure 10A. And the results indicate that the oxidation-peak current increased distinctly with increasing concentrations of rutin. At the same time, Figure 10B shows the plot of the oxidation-peak current versus rutin in the concentration range of 0.01 μM to 10 μM. As can be seen from Figure 10B, the linear range of the NF/IL/CMC-MWCNTs/GCE response to rutin was divided into two linear segments: 0.01 μM–1 μM and 1 μM–10 μM, with regression equations of I (μA) = −54.056Crutin (μM) − 1.192 (R2 = 0.9952) and I (μA) = −6.8107Crutin (μM) − 49.717 (R2 = 0.9936), respectively. The sensitivities of the proposed electrochemical sensor were 54.05 μAꞏμM−1 and 6.81 μAꞏμM−1, respectively, which were better than the different modified sensors that had been reported previously [54,55,56]. The values of the detection limit of this proposed electrochemical sensor was 0.83 nM and 6.6 nM, respectively (3S0/S, S0 and S represent the standard deviation measured under the blank solution and the slope of the linear-range curve, respectively) [48]. Table 1 shows the comparison between this work and other modified sensors in the earlier reported analytical performance of rutin sensors. It can be seen that the modified sensor proposed in this work had better sensitivity.




3.7. Anti-Interference Ability and Stability of the Modified Electrode


Anti-interference properties of the modified electrode electrochemical sensor were investigated by adding different interference substances using the SWV method. In Figure 11A, it can be seen that there was no obvious response when the interference substances—which were 500-fold concentrations (250 μM) of rutin (Ru), such as ethanol, glucose (Glu), vitamin B1 (Vit B1), ascorbic acid (Vit C), glycine (Gly) and uric acid (UA); 100-fold concentrations (50 μM), such as nitrite, sulfite, inositol, and urea; and 10-fold concentrations (5 μM), such as pyrogallic acid, levodopa, amoxicillin, and clotrimazole—were added to the detection solution. However, a strong current signal was produced when 0.5 μM rutin was added, indicating that this proposed electrochemical sensor had great selectivity and anti-interference performance.



To assess the stability of this electrochemical sensor, the modified GCE were checked in the presence of 5 μM rutin via the SWV method. After the modified electrode was stored at 4 °C for 10, 20, and 30 days, the oxidation-peak current decreased by 3.2%, 8.3%, and 11%, respectively (Figure 11B). The results show that the modified electrode had great storage stability. In addition, we prepared five parallel modified sensors in pH 5 phosphate-buffer solution containing 5 μM rutin to evaluate the reproducibility of these sensors. This study provided an RSD of 1.7% between the electrochemical measurements of the five sensors, indicating that the proposed sensors had good reproducibility. Moreover, the voltammograms of the interferent, stability, and reproducibility study are shown in Figure 11C–E, respectively.




3.8. Real-Sample Determination of Rutin in Tablets


Two types of rutin tablets were detected using this proposed electrochemical sensor. In this work, the UHPLC method was used to evaluate the accuracy of the NF/IL/CMC-MWCNTs/GCE electrochemical sensor. The results of the electrochemistry and UHPLC methods used to create rutin tablets (sample 1 and sample 2) with different concentrations are shown in Table 2. Meanwhile, the results show that the proposed electrochemical sensor had better accuracy, which indicates that the presented electrochemical sensor could be applied to the rapid quantitative determination of rutin concentration in the future.





4. Conclusions


In the present work, a novel and highly sensitive electrochemical sensor for the detection of low concentration of the flavonoid rutin was successfully proposed based on a modified glassy carbon electrode with sodium carboxymethylcellulose, multi-walled carbon nanotubes, and 1-butyl-3-methylimid. The results of TEM and EIS show that CMC could disperse the multi-walled carbon nanotubes well and synergistically interact with IL to improve the conductivity of the nanocomposites. Effects of scan rates indicate that the electrochemical redox reaction of rutin on the modified electrode surface was an adsorption-controlled process. Different methods of rutin measurement show that SWV was the most suitable technique for rutin determination in this work. In precision detection of rutin, the prepared NF/IL/CMC-MWCNTs/GCE exhibited good electrical conductivity and a low limit for rutin detection, with detection limits of 0.83 nM and 6.6 nM (S/N = 3), respectively. In addition, through interference experiments by adding different interfering substances, this proposed electrochemical sensor demonstrated good selectivity for rutin. After storage at 4 °C for 30 days, the results show that the modified electrode had great storage stability. The reliability of this electrochemical sensor was demonstrated by analyzing two different rutin tablets, which were produced by different manufacturers. The results were tested by ultra-high-performance liquid chromatography as a comparison, and the results show that this electrochemical sensor had good accuracy. Thus, the NF/IL/CMC-MWCNTs/GCE electrochemical sensor for the rutin-testing results demonstrated a low detection limit, great anti-interference capacity and stability, and good accuracy. The proposed electrochemical sensor has latent utility value in actual content detection of drugs.
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Figure 1. Fabrication procedure of the nanocomposite-modified sensor. 
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Figure 2. TEM images of MWCNTs (A) and CMC-MWCNTs (B), SEM images of CMC-MWCNTs-IL (C), and Raman spectra (D) for MWCNTs (a), CMC-MWCNTs (b), and CMC-MWCNTs-IL (c). 
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Figure 3. (A) CVs of different modified GCEs in 50 mM pH 5 PBS containing 5 μM rutin at a scan rate of 100 mVꞏs−1. Inset: CVs of different modified electrodes in the absence of rutin. (a) Bare GCE; (b) NF/MWCNTs/GCE; (c) NF/CMC-MWCNTs/GCE; (d) NF/IL/CMC-MWCNTs/GCE. (B) CVs of NF/IL/CMC-MWCNTs/GCE in 50 mM pH 5 PBS in the absence (a) and presence (b) of 5 μM rutin. 






Figure 3. (A) CVs of different modified GCEs in 50 mM pH 5 PBS containing 5 μM rutin at a scan rate of 100 mVꞏs−1. Inset: CVs of different modified electrodes in the absence of rutin. (a) Bare GCE; (b) NF/MWCNTs/GCE; (c) NF/CMC-MWCNTs/GCE; (d) NF/IL/CMC-MWCNTs/GCE. (B) CVs of NF/IL/CMC-MWCNTs/GCE in 50 mM pH 5 PBS in the absence (a) and presence (b) of 5 μM rutin.



[image: Chemosensors 11 00171 g003]







[image: Chemosensors 11 00171 sch001 550] 





Scheme 1. The proposed mechanism of rutin reaction on an electrochemical sensor. 
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Figure 4. EIS of different modified GCEs: GCE (a), NF/MWCNTs/GCE (b), NF/CMC-MWCNTs/GCE (c), and NF/IL/CMC-MWCNTs/GCE (d), with a frequency range from 102 to 106 Hz. 
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Figure 5. (A) CVs of NF/IL/CMC-MWCNTs/GCE in 50 mM pH 5 PBS containing 5 μM rutin at different scan rates (from inner to outer: 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9, and 1 Vꞏs−1, respectively). (B) Plot of peak current vs. scan rate. (C) The relationship between log v and log I. (D) CVs of NF/IL/CMC-MWCNTs/GCE in the presence of 5 μM rutin (a) and in the absence of rutin after different scanning cycles: 20 cycles (b), 40 cycles (c), 60 cycles (d), 80 cycles (e), and 100 cycles (f). 
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Figure 6. (A) SWV, (B) DPV, and (C) LSV of NF/IL/CMC-MWCNTs/GCE for the reduction response of rutin at different concentrations (0.1 μM–20 μM). 
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Figure 7. (A) SWV, (B) DPV, and (C) LSV of NF/IL/CMC-MWCNTs/GCE for the oxidation response of rutin at different concentrations (0.1 μM–20 μM). 
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Figure 8. (A) SWV, (B) DPV, and (C) LSV of NF/IL/CMC-MWCNTs/GCE response to different concentrations of rutin (0.1 μM–20 μM). (D) Different methods of NF/IL/CMC-MWCNTs/GCE response to rutin. Here, SWV+, DPV+, and LSV+ represent the oxidation-peak current; SWV−, DPV−, LSV− represent the reduction-peak current. All reduction-peak currents are plotted in absolute values. 
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Figure 9. (A) Effects of different pH values on the CVs of NF/IL/CMC-MWCNTs/GCE in 50 mM PBS containing 5 μM rutin at a scan rate of 100 mV s−1. (B) Plot of anodic-peak current vs. pH value. 
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Figure 10. (A) SWV of NF/IL/CMC-MWCNTs/GCE responding to different concentrations of rutin. (B) Plot of anodic-peak current vs. rutin concentrations. 
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Figure 11. (A) Anti-interference ability of NF/IL/CMC-MWCNTs/GCE in 50 mM pH 5 PBS containing 250 μM different interfering substances (ethanol, Glu, Vit B1, Vit C, Gly, UA, inositol, nitrite, sulfite, levodopa, amoxicillin, urea, clotrimazole, pyrogallic acid) and 0.5 μM rutin. (B) Stability of NF/IL/CMC-MWCNTs/GCE. (C) The voltammograms of the interference study. (D) The voltammograms of the stability study. (E) The voltammograms of the reproducibility study. 
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Table 1. Comparison of different modified electrodes for rutin determination.
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	Electrode
	Method
	Linear Range (μM)
	LOD (μM)
	Reference





	MIP/MWCNTs/GCE
	DPV
	0.4–10
	0.11
	[4]



	ZnO-rGO-PB/MCPE
	DPV
	0.07–7, 7–100
	0.02
	[15]



	MWCNTs-IL-Gel/GCE
	DPV
	0.072–6
	0.02
	[33]



	DMI·Tf2N-LAC/CPE
	SWV
	5.84–53.6
	0.69
	[36]



	PtNPs/rGO/GCE
	DPV
	0.057–102.59
	0.02
	[57]



	Pt@r-GO@MWCNTs/GCE
	DPV
	0.05–50
	0.005
	[58]



	AuNPs-CD-LAC/CPE
	SWV
	0.3–2.97
	0.17
	[59]



	Ni-GO/GCE
	SWV
	0.011–1, 2.2–15
	0.0032
	[60]



	MWCNTs-CD-Fe3O4/GCE
	DPV
	0.02–10
	0.0164
	[56]



	GO-CS/GCE
	DPV
	0.9–90
	0.56
	[61]



	PVP/CPE
	LSV
	0.39–13
	0.15
	[62]



	NF/IL/CMC-MWCNTs/GCE
	SWV
	0.01–1, 1–10
	0.0066
	This work







MIP, molecularly imprinted polymer; PB, Prussian blue; CPE, carbon-paste electrode; IL, ionic liquid; DMI·Tf2N, 1-decyl-3-methylimidazolium; PtNPs, Pt nanoparticles; rGO, reduced graphene oxide; AuNPs, gold nanoparticles; CD, β-cyclodextrin; Ni-GO, nickel nanoparticles incorporated with graphene-oxide composite; Fe3O4 NPs, Fe3O4 nanoparticles; CS, chitosan; PVP, poly (vinylpyrrolidone).
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Table 2. Rutin-tablet sample determination by UHPLC and electrochemical-sensor methods (n = 3).
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Samples

	
Concentration (μM)

	
UHPLC (μM)

	
Sensor (μM)

	
RSD (%)






	
1

	
1

	
0.94

	
0.92

	
2.25 ± 0.02




	
5

	
4.70

	
4.68

	
1.93 ± 0.05




	
10

	
9.60

	
9.72

	
1.23 ± 0.04




	
2

	
1

	
0.78

	
0.81

	
1.41 ± 0.06




	
5

	
4.50

	
4.73

	
2.22 ± 0.04




	
10

	
9.40

	
9.65

	
2.51 ± 0.03
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