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Abstract

:

Quercetin (QR), abundant in plants, is used to treat colitis and gastric ulcer and is also a promising anticancer agent. To quantificationally detect QR, a sensitive electrochemical sensor was fabricated by palladium nanoparticles loaded on carbon sphere @ molybdenum disulfide nanosheet core-shell composites (Cs@MoS2-Pd NPs). The Cs@MoS2-Pd NPs worked to remedy the shortcomings of MoS2 and exhibited good catalytic activity to QR. The oxidation reaction of QR on Cs@MoS2-Pd NPs/GCE involved two electrons and two protons. Furthermore, the molecular surface for electrostatic potential, Laplacian bond order, and Gibbs free energy were computationally simulated to speculate the order and site of the oxidation of QR. The results showed that the 4′ O–H and 3′ O–H broke successively during the oxidation reaction. When the concentration of QR was within 0.5 to 12 μM, the fabricated sensor could achieve linear detection, and the detection limit was 0.02 μM (S/N = 3). In addition, the sensor possessed good selectivity, repeatability, and stability, which has a broad prospect in practical application.
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1. Introduction


Quercetin (3,5,7,3′,4′-pentahydroxyflavone, QR), a most important bioflavonoid, can be found in many plant samples, such as tea, apple, and dendrobe [1]. Its phenolic hydroxyl groups have reducibility and produce a complex reaction with metal ions, which can scavenge free radicals and protect the oxidation of DNA in vitro [2]. Thus, QR has acted in many biological roles such as anti-oxidant, anti-inflammatory, and anti-cancer roles [3,4]. QR is also used to treat colitis, gastric ulcer, and oral ulcer [5]. Moreover, it also exerts a pro-apoptotic effect on cancer cells and blocks the growth of tumor cells [6]. Therefore, the accurate determination of QR in biochemistry and natural pharmaceutical chemistry has attracted increasing interest [7]. The typical methods for analyzing QR are high-performance liquid chromatography with ultraviolet detection [8], tandem mass spectrometry [9], and capillary electrophoresis [10]. Although the above methods can obtain accurate determination results, expensive instruments, complex procedures for sample pretreatment, and a time-consuming nature limit their large-scale use. Hence, the accurate, quick, and easy detection of QR has been extensively studied.



An electrochemical sensor, as a powerful tool for wide analytical applications [11], is an interesting candidate for the detection of QR due to its good selectivity, sensibility, stability, reproducibility, etc. [12]. It is a detection device that uses a modified electrode catalyzing the redox reaction of the analyte, which can convert the concentration of the analyte into an electrical signal. The signal of the electrochemical sensor depends on the catalytic activity of the modified electrode [13]. Therefore, designing the material with high catalysis is the key to improving the sensitivity of the electrochemical sensor.



Two-dimension transition metal dichalcogenides (TMDCs) with good catalytic activity are selected as promising candidates [14]. A molybdenum disulfide (MoS2) nanosheet, a typical TMDCs consisting of S-Mo-S “sandwiches”, has been studied due to its outstanding properties and potential applications in catalysis [15]. The active sites of MoS2 originate from the under-coordinated sulfur atoms at the edges [16]. Meanwhile, its aggregation originating from high surface energy and a van der Waals interlayer impedes the exposure of the edge, resulting in low catalytic activity [17]. Additionally, the low conductivity of MoS2 owing to a large bandgap also limits its development [18]. For the sake of ameliorating the above disadvantages, graphene [19] and carbon nanotubes [20], as typical conductive substrates, have been used to load or support MoS2. However, these treatments are dangerous and easy to cause environmental pollution due to their use of strong acids. A carbon sphere (Cs) can be prepared from glucose via a hydrothermal method [21]. The preparation technology is harmless to the environment, and the generated Cs has good conductivity, an easily modified surface, and a controllable size [22]. The oxygen-containing functional groups on the surface of Cs increase its dispersion and provide a good microenvironment for an in situ synthesis of MoS2 on Cs (Cs@MoS2). To further improve the catalysis of the composite material, palladium nanoparticles (Pd NPs) have been considered. They have excellent catalytic activity from the vacant d orbitals, good conductivity owing to a lot of free electrons, and a simple preparation [23,24]. As the catalytic reaction occurs on the surface of the catalyst [25], the small-size Pd NPs can enlarge the effective area and atomic utilization. Moreover, the Pd NPs form a bi-catalytic system with MoS2, which improves the catalytic activity of the composite material and realizes the sensitive detection of QR.



In this work, an electrochemical sensor based on an in situ synthesis of Pd NPs on Cs@MoS2 (Cs@MoS2-Pd NPs) was fabricated for the sensitive detection of QR. Cs, as the growth substrate to MoS2 nanosheets and Pd, not only improves the overall conductivity of the material but also effectively prevents the aggregation of MoS2. Moreover, Pd NPs with a small size (8 nm) further improve the catalytic activity of the material. The oxidation reaction of QR on Cs@MoS2-Pd NPs/GCE involves two electrons and two protons. Additionally, the order and site of QR oxidation are speculated by a simulated computation. The electrochemical sensor based on Cs@MoS2-Pd NPs displays good performance, implying that it has great potential for the detection of QR in actual food.




2. Experimental Section


2.1. Fabrication of Cs@MoS2-Pd NPs Modified Electrode


The preparation of Cs@MoS2-Pd NPs references the reported method of [26,27,28]. The specific preparation method and required reagents and apparatus are listed in the Supplementary Materials. The glassy carbon electrode (GCE, d = 3 mm) was polished thoroughly by alumina polishing powders (1.0, 0.3, and 0.05 μm) and then washed via ultrasonic in water and ethanol, successively. The cleaned GCE was dried by nitrogen and then dripped with 5.0 μL Cs@MoS2-Pd NPs dispersion (1 mg/mL). After being dried at room temperature, the Cs@MoS2-Pd NPs modified GCE (Cs@MoS2-Pd NPs/GCE) was fabricated. Its schematic diagram is shown in Figure 1. The same method was also used to prepare MoS2/GCE, Cs/GCE and Cs@MoS2/GCE for comparison.




2.2. Electrochemical Measurements


The conventional three-electrode system involved modified GCE (d = 3 mm) as a working electrode, a platinum wire as a counter electrode, and a saturated calomel electrode (SCE) as a reference electrode. The cyclic voltammetry (CV), AC impedance (EIS), and open-circuit potential were in a mixture solution containing 2.5 mM of K4[Fe(CN)6], 2.5 mM of K3[Fe(CN)6], and 0.1 M of KCl. The initial potential of EIS was the open-circuit potential, and its frequency ranged 1~105 Hz. The square wave voltammetry (SWV) was measured into 10 mL PBS. Chronocoulometry was implemented in 0.1 mM K3[Fe(CN)6] solution containing 0.1 M KCl.




2.3. Actual Samples Pretreatment


The apple juice was diluted 50-fold with PBS (pH = 6.0). Then, the mixture was broken up, heated at 80 °C for 1 h, and filtered. In total, 1.0 g green tea ground to a powder was added into 50 mL PBS (pH = 6.0), heated at 80 °C for 1 h, and filtered. Finally, the pH of all actual samples was adjusted by HCl/NaOH (0.1 M) to 6.0.




2.4. Theoretical Calculation Method


The geometry of QR was optimized by Gaussian 09 software at B3LYP/6-311 G(d,p) level [29]. The molecular surface for electrostatic potential and the Laplacian bond order were applied to predict reactive sites [30]. The above analyses were finished by Multiwfn 3.8 with the help of visual program VMD 1.9.3 [31].





3. Results and Discussion


3.1. Characterization of Cs@MoS2-Pd NPs Nanocomposite


The morphology and element content of the nanocomposite were characterized by SEM, TEM, EDS, and XPS. From the SEM of Cs (Figure 2A), it can be seen that Cs was a sphere with a smooth surface and its diameter was about 250 nm. After an in situ synthesis of MoS2, the surface of the sphere became rough (Figure 2B,C), indicating that MoS2 had grown on the surface of Cs. The TEM of Cs@MoS2-Pd NPs (Figure 2D) shows that many small nanoparticles with a diameter of about 8 nm were loaded on the Cs@MoS2. Its more detailed microstructure is shown in Figure 2E. The layers of the MoS2 nanosheets were about six layers (in the red box) less than Zhao’s research (20 layers) [32], which indicates the aggregation of MoS2 was obstructed. In the yellow circle, the palladium nanoparticle is loaded on MoS2, but its crystal is not obvious. To further prove the composite was Cs@MoS2-Pd NPs, the EDS was tested. The results are exhibited in Figure 2E. The EDS included the elements of C, S, Mo, and Pd, indicating the composite was Cs@MoS2-Pd NPs.



XPS was used to characterize the Cs@MoS2-Pd NPs’ state. In the C 1s spectra (Figure 3A), peaks for graphitic carbon (C–C, CHx, C=C), phenolic carbonyl groups (C6H5–C=O), and carbonyl or ester groups (C=O, –COOR) were observed at 284.4, 285.5, and 288.5 eV, respectively [33]. The S 2p spectrum exhibited two contributions, S 2p3/2 and S 2p1/2, located at 161.6 and 162.9 eV (Figure 3B), respectively, which can be assigned to MoS2 [34]. The Mo 3d spectrum exhibited two contributions, Mo 3d5/2 and Mo 3d3/2 of Mo4+, located at 229.6 and 233.2 eV, respectively, and the peak at 226.1 eV correspond to the S 2s in Figure 3C [35]. Two binding energy peaks located at 340.5 eV and 335.3 eV, shown in Figure 3D, belong to the characteristic peaks of Pd [36]. The results also indicate that Cs@MoS2-Pd NPs had been successfully prepared. The characterization of Cs@MoS2-Pd NPs by FTIR, XRD, Raman, and Zeta potential in Figure S1 [37,38,39,40] and the specific analysis are in Supplementary Materials, which results are also proved that the Cs@MoS2-Pd NPs had been successfully prepared.




3.2. The Study of Catalytic Activity


To study catalytic activity, Cs (a), MoS2 (b), Cs@MoS2 (c), and Cs@MoS2-Pd NPs (d) (5.0 μL, 1 mg/mL) modified on GCE were used to test SWV in PBS including 6.0 μM QR. In Figure 4A, curve a has a delicate peak current value, indicating the catalytic capacity of GCE to QR was very limited. Curve b only has a little peak current, indicating that Cs had low catalytic activity to the oxidation of QR. The current of curve c is larger than curve b, which is attributed to the good catalytic activity of MoS2. Compared with curve c, curve d has a low content of MoS2 but shows a larger current. This phenomenon is attributed to how Cs obstructs the agglomeration and enhances the conductivity of MoS2. From curve e, it can be seen that palladium nanoparticles further enhanced the catalytic activity of the composites. Additionally, the current of curve d is 5.4 times that of curve 2 and ΔI is 4.996 μA. Thus, Cs@MoS2-Pd NPs/GCE with high catalytic activity is suitable for detecting QR.



The conductivity of the effective area has a strong effect on the electrochemical catalytic activity. To study their effect, different modified GCEs were measured via EIS and chronocoulometry. For EIS, the diameter of the semicircle in the high frequency represents the charge transfer resistance (Rct). Figure 4B shows the Nyquist plots of bare GCE (a), MoS2/GCE (b), Cs@MoS2/GCE (c), and Cs@MoS2-Pd NPs/GCE (d). From the Nyquist plots, it can be seen that the bare GCE had small Rct, the Rct of MoS2/GCE was larger, and the Rct of Cs@MoS2/GCE and Cs@MoS2-Pd NPs/GCE was smaller than MoS2/GCE. The data of Rct simulated by ZView 2 are listed in Table S1, which is consistent with the results in the Nyquist plots. The results indicate that Cs and Pd can improve conductivity and enhance electron transfer. The results indicate the introduction of Cs and palladium nanoparticles can improve conductivity.



The results of chronocoulometry are presented in Figure 4C. After Cs (b), Cs@MoS2 (c), and Cs@MoS2-Pd NPs (d) are modified on GCE (a), the interfacial charge increases. By taking the square root of time, Figure 4D is obtained. The effective area (A) can be calculated by the slope of the line via the Anson equation [41]:


Q(t) = 2nFAcD1/2t1/2π−1/2 + Qdl + Qads



(1)




where n is the transfer electrons number (n = 1), c is the concentration of the [Fe(CN)6]3− solution, F, D, Qdl, and Qads are the Faraday constant and diffusion coefficient double-layer charge and Faraday charge, respectively. From the calculation of the effective area in Table S2, the effective area of Cs@MoS2-Pd NPs/GCE was about 2.6 times that of GCE. Furthermore, the effective area of Cs@MoS2-Pd NPs/GCE was greatly increased, which is attributed to Cs obstructing the agglomeration of MoS2, and the small size of the palladium nanoparticles also contributed to the increase in the effective area. Therefore, the good catalytic activity of Cs@MoS2-Pd NPs was attributed to a large effective area and high conductivity.




3.3. The Study of Electrocatalysis Oxidation to QR


The electrocatalysis oxidation of Cs@MoS2-Pd NPs to QR was investigated by CV in PBS (pH = 6.0) including 9.0 μM QR, using different scan rates (v) from 0.03 V/s to 0.24 V/s. The peak current increased with the increase in the v in Figure 5A. Figure 5B displays the corresponding linear plot between v and peak current. The linear regression equations are Ipa = 0.622 + 20.718v (μA), Ipc = −0.175–12.032v (μA), indicating that the redox reaction of QR on the interface of Cs@MoS2-Pd/GCE followed an adsorption-controlled process. Meanwhile, the linear relationship Ipa = −1.482 + 13.883v1/2 (μA), Ipc = 1.044–8.054v1/2 (μA) between the square root of v and the peak current are obtained in Figure 5C, suggesting that the reaction was a diffusion-controlled process. Thus, the redox reaction of QR on the interface of Cs@MoS2-Pd NPs/GCE was a mixed process composed by absorption-controlled and diffusion-controlled processes.



The electron number (n) of the redox reaction to QR on the interface of Cs@MoS2-Pd NPs/GCE can be calculated by Laviron’s equation [42], as follows:


Epa = E0 + RT/(1 − a)nF ln[RTks/(1 − a)nF] + RT/(1 − a)nF lnv



(2)






Epc = E0 + RT/anF ln[RTks/anF] − RT/anF lnv



(3)




where E0, α, v, and ks are formal potential, electron transfer coefficient, scan rate, electron transfer rate constant, and T, R, and F are common meanings. The linear relationship between peak potential and the Napierian logarithm of v was Epa = 0.260 + 0.013lnv (V), Epc = 0.1683 + 0.002lnv (V) in Figure 5D. The value of n was calculated to be around 2, which is consistent with previously reported findings [43,44]. Therefore, two electrons are involved in the electro-oxidation of QR on the interface of Cs@MoS2-Pd NPs/GCE.



To investigate the effect of protons on the electro-oxidation of QR, the CV of Cs@MoS2-Pd NPs/GCE was measured in PBS with different pHs including 10 μM QR. In Figure 6A, the peak potential (E) decreased with the increase in pH. The linear relationships were Epa = 0.583–0.059pH (V), Epc = 0.528–0.060pH (V) in Figure 6B. The relationship between E and pH is as follows according to the Nernst equation [45]:


dEpa/dpH = (−2.303mRT)/nF



(4)




where m is the number of protons that participated in the electrochemical reaction. The m/n = 1 can be obtained from the slope of the relation between E and pH. Therefore, the electro-oxidation of QR on the interface of Cs@MoS2-Pd NPs/GCE was a reaction with two electrons and two protons.



The molecular surface for electrostatic potential and Laplacian bond order were used to speculate the site of obtained QR oxidation reaction, as shown in Figure 6C,D. As shown in Figure 6C, the H4′, H7, H3′, H3, and H5 atoms of QR were the centers of positive potentials. Moreover, the maximum positive potential was H4′ (61.4 kcal/mol), which implies that H4′ is most vulnerable to attack and leave. The Laplacian bond orders of QR (Figure 6D) show that the 4′ O–H bond was minimum (0.962), indicating that this oxygen–hydrogen was the easiest to break. The calculation methods show that the 4′ O–H was easy to break, which is consistent with other reports [46]. In addition, from the above calculation results, it can be seen that 7 O–H and 3′ O–H also are easy to break. Proton and electron transfer can be visualized through at least three mechanisms’ characteristics [29]. However, different mechanisms have free radical formation. The Gibbs free energy of free radicals was obtained to evaluate their stability. The Gibbs free energy of QR2*1 and QR2*2 (in Figure 7) were −2,895,554 and −2,985,483 kJ/mol, respectively, implying that QR2*1 was stable. Therefore, the results indicate the order of oxidation of QR was 4′ O–H and 3′ O–H.




3.4. Analytical Performance


Under the optimal conditions (the optimization of test conditions in Figure S2 are listed in the Supplementary Materials), the sensor fabricated by Cs@MoS2-Pd NPs/GCE was used to detect QR via SWV in PBS. As shown in Figure 8A, the current signal increased when the concentration of QR increased from 0.5 μM to 12 μM. The specific changes are shown in Figure 8B. The current signal was linearly related to the concentration of QR, ranging from 0.5 μM to 12 μM with a limit of detection of 0.02 μM (signal-to-noise ratio of 3). Its regression equation was I = 0.453 + 0.893 c (μA), with a correlation coefficient of 0.998. Compared with the previous research in Table S3 [47,48,49,50,51], the proposed sensor had a low detection limit and wide linear range, which powerfully proved that the sensor had high sensitivity for quantificationally detecting QR.




3.5. Reproducibility, Selectivity, and Stability


The reproducibility, selectivity, and stability of the sensor are the basis to analyzing real samples that can be evaluated by SWV. To study reproducibility, eight sensors were prepared for detecting QR (6.0 μM) under the same conditions. The results are shown in Figure 9A. The relative standard deviation (RSD) of them was 2.23% (less than 5%), implying that the sensor had good reproducibility.



The real sample is a mixture that requires an electrochemical sensor with good selectivity. Ascorbic acid, PBS, dextrin, citric acid, glucose, and sodium chloride were used as interferences to assess the selectivity of the sensor. From Figure 9B, it can be seen that the response current signals were small when the PBS only had interferences (15 μM) without QR. After 6.0 μL QR (1.0 mM) was injected, the response current signals were the same as the pure QR (6.0 μL, 1.0 mM), and the changes were less than 5% of the current without interference. The results indicate that the selectivity of the sensor was good.



To study the stability of the sensor, five sensors were fabricated under the same conditions, stored in a dryer for twenty days, and tested every five days. In Figure 9C, the current signal decreased with time. The current signal became 96.6% of the initial current after ten days. After twenty days, the current signal reached 90.7% of the initial current. The results indicate that the sensor had acceptable stability, which can be attributed to the in situ synthesis of Cs@MoS2-Pd NPs with good stability.




3.6. Real Sample Analysis


The performance of the fabricated sensor to real sample analysis was studied by a standard addition method [52]. The QR was detected by the fabricated sensor in 10.0 mL of real sample solution of apple juice and green tea, and the additional amounts were 0, 1.0, 3.0, and 5.0 μL (1.0 mM). The results are listed in Table S4. It can be seen that the RSD of the results was less than 4.27% and the recovery range was between 94.3% and 111%, which indicated that the fabricated sensor was reliable and could be applied to detect QR in real samples. Those results are attributed to its good reproducibility, selectivity, and stability.





4. Conclusions


In this study, an electrochemical sensor based on Cs@MoS2-Pd NPs was fabricated to sensitively detect QR. The conductivity of MoS2 was improved by Cs and Pd NPs, and its aggregation was additionally prevented. Pd NPs with more active surfaces and MoS2 were used as catalytically active components to form a bi-catalysis, which causes Cs@MoS2-Pd NPs to have good catalytic activity toward QR. The oxidation reaction of QR on Cs@MoS2-Pd NPs/GCE belonged to the adsorption–diffusion control process and involved two electrons and two protons. The simulation results showed that the 4′ O–H and 3′ O–H broke successively during the oxidation of QR. Under the optimal experimental conditions, the sensor obtained a calibration curve at I = 0.453 + 0.893 c (μA). The detection range of QR was from 0.5 μM to 12 μM and the limit of detection was 0.02 μM. Good reproducibility, selectivity, and stability provide a good foundation for its practical application. Thus, the sensor has a bright application prospect.
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Figure 1. Schematic of the preparation of Cs@MoS2-Pd NPs and fabrication of the electrochemistry sensor. 
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Figure 2. The SEM images of Cs (A), Cs@MoS2 (B), and Cs@MoS2-Pd NPs (C). The TEM images of Cs@MoS2-Pd NPs (D,E) and their EDS images (F). 
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Figure 3. High-resolution XPS spectra for Cs@MoS2-Pd NPs: C 1s (A), S 2p (B), Mo 3d (C), Pd 3d (D). 
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Figure 4. The SWV (A) of GCE (a), Cs/GCE (b), MoS2/GCE (c), Cs@MoS2/GCE (d), and Cs@MoS2-Pd NPs/GCE (e); the EIS (B) of GCE (a), MoS2/GCE (b), Cs@MoS2/GCE (c), and Cs@MoS2-Pd NPs/GCE (d); chronocoulometry curves (C) of GCE (a), Cs/GCE (b), Cs@MoS2/GCE (c), and Cs@MoS2-Pd NPs/GCE (d); and plot of Q versus t1/2 (D). 
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Figure 5. The CV of Cs@MoS2-Pd NPs/GCE in 10 μM QR (A); the relationship between peak current and v (B) and v1/2 (C); rhe relationship between peak potential and lnv (D). 
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Figure 6. The CV of Cs@MoS2-Pd NPs/GCE in 10 μM QR with different pHs (A) and their oxidation peak potential changes (B) from 3.0 to 8.0; the electrostatic potential(C) and Laplacian bond order (D) of QR, optimized using the B3LYP functional, with the 6-311 + G(d,p) basis set. 
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Figure 7. The schemata of the oxidation of QR. 
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Figure 8. The SWV of sensor in different concentrations of QR from 0.5 to 12 μM (A) and their calibration curve of concentration and current (B). 
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Figure 9. The reproducibility (A), selectivity (B), and stability (C) of sensor in PBS with 6 μM QR. 
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