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Abstract

:

In recent years, indiscriminate consumption and dumping of antibiotics have become destructive to human health and causes ecotoxicological pollution. Here, the irregular particle nanosized dendrite structure of lanthanum-doped cerium oxide (LCO) decorated with sheet-like reduced graphene oxide (RGO) composite was utilized to detect the sulfonamide-based drug sulfadiazine (SZ). LCO@RGO nanocomposite was prepared using the hydrothermal method, the synergistic effect between LCO and RGO facilitates electron transferability and conductivity which enhances the electrochemical properties toward the detection of SZ. The detection of SZ expressed a lower detection limit (0.005 µM) and linear range (0.01–265 µM) of the fabricated LCO@RGO/GCE electrode toward SZ, analyzed using the highly sensitive DPV technique. Also, DPV was utilized to determined shows good repeatability, reproducibility, and storage stability of fabricated LCO@RGO/GCE. Moreover, effective practicability was proven in human blood serum and river water samples with great recovery results. All the above probes the synthesized LCO@RGO’s thriving and outstanding electrocatalytic performance of this nanocomposite’s highly sensitive detection of SZ in real biological and environmental samples.
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1. Introduction


Antibiotics are commonly used as antibacterial agents and also in the treatment of infectious diseases. Inappropriate usage of antibiotics develops serious health disorders in humans, including organ toxicity and hearing loss, as well as ecotoxicological pollution [1]. In recent years, sulfonamide-based drugs have been widely consumed in the pharmaceutical fields. Sulfadiazine (SZ), a 4-amino-N-pyrimidine-2yl-benzenesulfonamide antibiotic drug, is a sulfonamide used for the treatment of infectious diseases in animals and humans, such as chancroid infection, leg ulcers, skin wounds, and infections, and also for the prevention of bacterial infections, including toxoplasmosis, urinary tract infections, and malaria [2,3]. The United States Food and Drug Administration approved an efficient amount of SZ antibiotic to treat infectious diseases because of the interfering mechanism of folic acid metabolism for its growth; it can be used in animals and aquaculture. European Union regulation has set a limit of 100 μg kg−1 for sulfonamides in animal-origin foodstuffs to ensure the safety of animal products and to protect people from health risks [4]. Indiscriminate consumption of SZ may cause liver damage, gene damage, and immunity disorders [5]. Furthermore, SZ also spoils the water and soil through animal excrement in the form of the parent drug, resulting in hazards to the ecosystem [6]. To solve this environmental problem, it is necessary to (i) detect the concentration of SZ and (ii) remove it from the environmental ecosystem using advanced technology [5]. SZ can be detected through various analytical methods, such as capillary electrophoresis [4,7], diode array [8], UV–Vis spectroscopy [9], liquid/gas chromatography [10], immunochromatographic assay (ICT) [11], surface-enhanced Raman scattering (SERS) [12], fluorescence spectroscopy detection [2], and biometric enzyme-linked immunosorbent assay (ELISA) [2]. These analytical methods are highly selective, but they are limited because of their high cost, sample preparation, and the requirements of the analytic instrument [6,9]. Photoelectrochemical and electrochemical sensor methods have advantages over the others because of their low cost-effectiveness, simple preparation, rapid detection, broad signal range, great selectivity, and outstanding sensitivity [5] for detecting SZ, which is most important for ecotoxicological pollution. Fabricated electrodes were examined toward SZ; the redox characteristic peak current generates highly sensitive ions and can be determined by cyclic voltammetry (CV) and differential pulse voltammetry (DPV) [5,13,14,15].



Rare earth metal oxides (REMO) have created novelty over the last few years because of their optical and electronic properties, high densities, extreme melting points, great electrochemical conductivities, solid state features, and individual physical/chemical possessions due to their 4f orbital electrons and wide range of different behavior [16,17]; thus, they are applicable in the electronics and biomedical sectors [18,19]. The rare earth metal lanthanum (La) enlarges the active sites, thus expressively enriching catalyst activity to prevent rapid deactivation. CeO is an important material used for many applications, such as catalytic applications, three-way catalysts (TWC) used for gas treatment in vehicles, water gas shift reactions [20], and soot oxidation [21,22]. CeO as a catalyst is very effective and is also associated with high oxygen storage capacity. This means that it has the ability to absorb or eliminate oxygen toward oxidation or reduction conditions, and it is also associated with the formation of O vacancies in CeO [21]. The oxygen anion conductivity of CeO is very poor, so doping various elements results in an improvement in conductivity. The addition of REMO can increase stability and reduce the stresses in the crystal structure [23]. Vacancy of oxygen present in CeO, and the Ce4+ to Ce3+ reduction process occurs because doping of La can destroy the crystal structure and optical and vibrational properties and may develop electrical chemical properties [24]. Doping with the rare earth metal (REM) La in metal oxides increases electrochemical catalysis activity and storage stability performance [25]. This is because of their lattice disorder phase, great oxygen ion mobility, and higher amount of surface oxygen defect, so they facilitate the generation of surface active sites [26].



Graphene-based materials are used as electrical devices, for energy storage and conversion, as sensors, and as composites because of their outstanding electrical conductivity, high specific surface area, and high chemical/thermal properties. Mostly, graphene-based materials have great conductivity, so they increase the sensitivity of electrochemical systems [27]. LCO@RGO fabricated electrodes thrive with excellent electrocatalytic performance due to their large surface area, high conductivity, and biocompatibility [28,29,30,31].



In this present work, a hydrothermally synthesized La-doped CeO@RGO (LCO@RGO) composite was prepared successfully. Later, to determine the physical characteristics of the composite, its crystalline nature, surface morphology, and vibrational spectroscopy were investigated. Hence, LCO@RGO was used as an electrode material for the ultrasensitive detection of SZ. LCO@RGO exhibits a wide linear range, low detection limit, selectivity, and reproducibility.




2. Experimental Methodology


2.1. Chemicals and Reagents


A list of chemicals and instruments is detailed in the Supplementary Information (SI).




2.2. Synthesis of LCO@RGO


Reduced graphene oxide (RGO) was prepared from graphite using Hummer’s method, as reported previously [32]. Initially, the typical procedure of LCO@RGO follows a 1:1 ratio of (NH4)2 [Ce(NO3)6] and LaCl3.6 H2O were dissolved in 30 ml of DI water separately. Both were mixed under vigorous stirring for 30 min. The surfactant polyethylene glycol was added dropwise to the above solution. The entire homogeneous solution mixture was transferred into a Teflon-lined autoclave and heated at 180 °C for 10 h. The obtained precipitate was washed several times with DI water and ethanol, and the precipitate was allowed to dry in an oven at 50 °C for 24 h. The overall synthesis process is explained in Scheme 1.





3. Results and Discussion


3.1. Crystalline Nature and Vibrational Spectroscopy Investigation


XRD was used to determine the crystalline nature of synthesized LCO and LCO@RGO. Figure 1A shows the 2θ value at 27.7°, which corresponds to the (100) plane matched with the reference code (03-065-1871) of La. The planes at (21-2), (12-4), (21-5), (006), (42-4), (217), (14-6), and (21-8) correspond to the 2θ value of 32.1°, 46.0°, 54.5°, 57.2°, 67.0°, 73.9°, 76.2°, and 85.0°, respectively; this revealed that CeO exactly matches with the JCPDS card (01-071-0567). A hump at approximately 24.3° angle ascribed to the (002) planes denotes the sheet-like RGO. Then, the obtained data proving that there were no impurity peaks were observed, and finally, all characteristic peaks of LCO@RGO peaks arrived. Thus, it delivers an effective combination of the composite.



The exploration of Raman spectroscopy is very sensitive for determining metal–oxide molecular interactions and chemical structures. Figure 1B(a) reveals the La vibration peaks aimed at 116 cm−1 and 179 cm−1; this was found due to the hexagonal crystalline nature of La. The vibration band of Ce was at 435 cm−1 because of the F2g mode of rhombohedral crystallinity [26]. Figure 1B(b) shows the RGO peak; two obvious D and G vibration bands are observed, respectively: 1338 cm−1 is the phonon of A1g symmetry, and 1579 cm−1 is the phonon mode of E2g symmetry of first-order scattering. The intensity ratio of the D and G bands is equal to 1.03; this value is close to 1, which represents the sp2 orbitals retaining the graphitic domains in the RGO sample [33]. Figure 1B(c) displays the different Raman vibration modes of La and Ce, and it is observed that the vibration mode of La is a weaker vibration, so this conforms to the simple mixture of pure oxides. On the other hand, in detail, the 430 cm−1 vibration peak is due to the F2g mode of the disordered defective fluorite structure (rhombohedral) in Ce, and the surface oxygen band vibration peak is at 563 cm−1. The vibration peak at 256 cm−1 indicates the sublattice oxygen ion in the disordered fluorite structure. Thus, the obtained data for the RGO peak along with the synthesized LCO confirmed the successful formation of the composite [24,26].




3.2. Morphological Identification


Figure 2A,B depict the hydrothermally synthesized LCO, which shows irregular particles. Figure 2C describes an RGO sheet-like structure. In Figure 2D,E LCO gets deposited in the RGO sheets, which provides conductivity and also enhances the electrochemical properties. Moreover, elemental mapping distribution confirms the elements in LCO@RGO. Figure 2F–K mapping clearly show that the synthesized composite contains elements such as La, Ce, O, and C distributed equally at LCO@RGO.



The synthesized LCO@RGO structure was further confirmed using the HR-TEM technique. The different magnification structure of LCO is displayed in Figure 3A–C. This HR-TEM image of irregular particles was well matched with the SEM image. Figure 3D–G displays the different magnification images of the LCO@RGO. This image clearly shows that the LCO particles are deposited on the RGO sheets, so it provides conductivity and also enhances the electrochemical properties confirmed by the TEM image. In Figure 3H, the TEM image of LCO@RGO with 0.331 nm interplanar spacing is shown. Figure 3I shows the SAED pattern image of a composite dark spot were well matched with the XRD lattice planes of (102), (021), (110), and (101) planes.




3.3. Electrochemical Characterization of LCO@RGO


Electrochemical impedance spectroscopy (EIS) was used to determine the interface resistance of various fabricated electrodes and their electron transfer properties. Therefore, bare GCE and other fabricated electrodes, RGO/GCE, LCO/GCE, and LCO@RGO/GCE, were investigated using the EIS technique. In this study, 0.1 M of KCl in combination with 5 mM [Fe (CN)6]3−/4− (FC) was used as an electrolyte. In Figure 4A, the plot specifies that LCO@RGO/GCE has greater electron transferability compared to the other modified and unmodified electrodes. The Rct value of LCO@RGO/GCE (257.2 Ώ) is lower than the values for LCO/GCE, RGO/GCE, and bare GCE (298, 438.6, and 817.4 Ώ, respectively) because of the amalgamation of LCO and RGO, which increases electron transferability; furthermore, the synergetic effects of LCO and RGO increases the electrochemical performance of LCO@RGO. As a result, LCO@RGO/GCE has a lower Rct and higher electron transferability, so this material is suitable for electrochemical analysis toward SZ detection.



The cyclic voltammetry (CV) electrochemical performance of modified LCO/GCE, RGO/GCE, LCO@RGO/GCE, and unmodified bare GCE was analyzed in 0.1 M KCl combination of (FC) redox system. Figure 4B, showing the CV response of different modified and unmodified electrodes. The determined LCO@RGO/GCE value shows a higher current than the unfabricated bare GCE and the other fabricated electrodes LCO/GCE and RGO/GCE. Upon them, LCO@RGO/GCE has a superior redox peak current (Ip) evaluated compared to the other modified electrodes because the synthesized composite has a suitable electrode–electrolyte interface accumulation of ions or charge, so it facilitates fast electron transferability.



The FC redox system also investigates the effect of scan rate and is used to evaluate the surface area of the unmodified electrode and also the modified electrodes. Upon this, the electrochemical kinetic reaction scan rate starts from 20 to 300 mVs−1, as shown in Figure 4C. On increasing the scan rate, the anodic and cathodic peak currents increase gradually with good linearity. Figure 4D proves that the square root of the scan rate is proportional to the redox peak current (Ip). The Randles–Sevcik equation was used to determine the surface area of the all-modified electrodes.


Ip = 2.69 × 105 n3/2 AD1/2 Cv1/2











The electrochemically active surface areas (EASA) of bare GCE, LCO/GCE, RGO/GCE, and LCO@RGO/GCE are 0.73, 085, 0.117, and 0.156 cm2, respectively. When comparing the EASA values of all-modified and unmodified electrodes, LCO@RGO/GCE dominates the higher peak current because of its electrochemical activity.



Figure S1A depicts the CV analysis of different loading concentrations (2–8 µL) of LCO/RGO coated on GCE in 0.1 M PBS (pH = 7.0) with a constant scan rate of 50 mVs−1. From the results, the 6 µL loading concentration shows a higher current than the bare GCE and the other modified electrodes. As from the above result, 6 µL was chosen as the loading quantity for the detection of SZ. Figure S1B shows a bar diagram of different loading concentrations vs current response.



The electrochemical activities of bare GCE and the other modified electrodes were examined in 0.1 M PBS contains 100 µM of SZ. Figure 5A displays the CV current response for bare GCE and fabricated LCO/GCE, RGO/GCE, and LCO@RGO/GCE. The fabricated RGO/GCE electrode shows a lower oxidation peak current toward SZ because the transferability of an electron is low. LCO/GCE displays an increase in the anodic oxidation peak current and also a slight potential shift toward the positive side. LCO@RGO-modified GCE delivers a higher oxidation peak current, which is due to the higher surface area, low resistance, high sensitivity, and high catalytic activity on SZ. Figure 5B shows the corresponding bar diagram for the anodic current response of SZ vs the various modified electrodes.



To determine the suitable pH for PBS, it was examined in acidic (pH = 3, 5), neutral (pH = 7), and alkaline (pH = 9, 11) conditions toward 100 µL of SZ. From Figure 5C, the acidic media pH values (3 and 5) show a low oxidation current compared to the pH 7, with a thriving irreversible peak with a superior anodic peak current, and the potential was slightly shifted to the negative side due to the protonation of SZ [34]. The protonation/deprotonation process of SZ is the reason for the fluctuation in the oxidation response. Figure 5D depicts the plot between the pH value and the anodic peak current response, so it was determined that a pH value of 7 is chosen as the suitable electrolyte to determine the detection of SZ. Scheme 2 displays the electro-oxidation mechanism of SZ, which involves two protons and two-electron irreversible electron transfers, thus facilitating the oxidation reaction.




3.4. Influence of SZ on Electrochemical Detection Using LCO@RGO/GCE


Figure 6A displays the CV oxidation current response of the LCO@RGO/GCE probe under different concentrations of SZ, from 10 to 100 µM, in 0.1 M PBS (pH = 70) and at 50 mVs−1 scan rates. Figure 6B depicts that as the concentration of SZ increases, the anodic peak current increases with good linearity, with the correlation coefficient value R2 = 0.9956. Figure 6C depicts the different scan rate current response of LCO@RGO/GCE in 0.1 M PBS toward 100 µM of SZ; the scan rate started from 20 to 230 mVs−1. As the scan rate increases, the anodic peak current increases gradually, and both are proportional to each other. Furthermore, the anodic peak current potential shifted slightly toward the positive side. Figure 6D expresses the relationship between the square root of the scan rate and the anodic oxidation peak current, with the correlation coefficient R2 = 0.997, with great linearity.




3.5. Detection of SZ Using DPV Analysis


Differential pulse voltammetry (DPV) was used to evaluate the lower detection limit, selectivity, and sensitivity of LCO@RGO in 0.1 M PBS at pH = 7 electrolyte with different concentrations of SZ. Figure 7A shows the DPV response of the fabricated LCO@RGO/GCE electrode toward different concentrations of SZ, and Figure 7B depicts the linear relationship between the anodic peak current response and different concentrations of SZ. LCO@RGO/GCE shows a wide linear range of 0.01–265 µM. The fabricated LCO@RGO/GCE, showing a lower detection limit (0.005 µM), was calculated using the formula LOD = 3 S/q [35,36]; it also evaluated a sensitivity of 0.8084 µA µM−1 cm−2. Table 1 expresses the performance of SZ in front of the LCO@RGO fabricated electrode compared to previously reported SZ in terms of linear range, LOD, and detection method.




3.6. Interference, Stability, and Reproducibility of LCO@RGO in SZ


The selectivity of LCO@RGO was inspected using various interfering species analyzed under DPV. Figure 8A depicts the anodic peak current response of the fabricated LCO@RGO/GCE electrode containing 100 µM of SZ in 0.1 M PBS (pH = 7) electrolyte. The bioactive compounds and inorganic ions included uric acid (UCA), glucose (GLS), sucrose (SUC), Cu2+, Cd2+, K+, Mg2+, Ca2+, and KBr. As the results indicate, there is no remarkable change in the anodic peak current, which confirms the selectivity of SZ in modified LCO@RGO/GCE.



Repeatability, reproducibility, and stability were examined using the DPV technique. Figure 8B shows the repeatability of the LCO@RGO/GCE electrode’s electrochemical detection in 0.1 M PBS. Repeatability deals with five repeatable measurements, with the modified LCO@RGO/GCE electrode contains 100 µM of SZ. Figure 8C shows the reproducibility DPV response of five fabricated LCO@RGO/GCE electrodes in 100 µM of SZ. Figure 8D shows the DPV response of the stability of LCO@RGO/GCE for 20 days. In addition, the test was carried out for 20 days with 5-day intervals in 0.1 M PBS contains 100 µM of SZ. During this interval period, the LCO@RGO/GCE was stored in a freezer. These probes expressed extraordinary repeatability, reproducibility, and stability in the modified LCO@RGO/GCE stability storage study.




3.7. Human Blood Serum and River Water Detection in Front of SZ


Fabricated LCO@RGO/GCE was used to detect SZ in the real sample analysis of human blood serum and river water. The river water was collected from the Xindian River in Taiwan. The human blood serum was bought from Chang-Gung Memorial Hospital, Taiwan. The CV analysis technique was utilized to probe the human blood serum and river water. This is because the CV technique has the prominent advantages of simplicity, sensitivity, and speed. The collected samples were directly utilized for the investigation, without any other purification. The samples were diluted in 0.1 M PBS in a pH = 7 solution, and the standard addition method was followed. A known concentration of SZ (10–30 µM) was added, and the current response is shown in Figure 9A,B. The added, found, and recovery values of SZ in the human blood serum and river water samples are shown in Table S1. Therefore, the results confirmed that our fabricated LCO@RGO/GCE electrode is applicable for the detection of SZ in various biological and environmental pollutants.





4. Conclusions


In this work, LCO@RGO was synthesized using a hydrothermal process and employed for the electrochemical detection of the antibiotic drug SZ. All the physical characterizations were utilized to inspect the synthesized composite. LCO@RGO has a higher surface area, and RGO also enhances the electrochemical properties, so these facilitate electrochemical activity. The fabricated sensor LCO@RGO/GCE for SZ detection through the DPV technique exposes a good linear range of 0.01–265 μM, a lower detection limit (LOD) of 0.005 μM, and a sensitivity of 0.8084 µAµM−1cm−2 of LCO@RGO/GCE toward SZ. Moreover, modified LCO@RGO/GCE’s selectivity, stability, and reproducibility show outstanding responses, as recorded in the DPV analysis. Moreover, appreciable results from the real sample analysis in the fabricated LCO@RGO/GCE were probed toward SZ in human blood serum and also in river water samples. Therefore, this all proves the effectiveness of LCO@RGO for the electrochemical detection of SZ.








Supplementary Materials


The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/analytica4030023/s1. Figure S1. (A) depicts the CV redox current response of different loading concentrations of LCO@RGO/GCE in 0.1 M PBS of pH 7 with 100 µM of SZ. (B) the corresponding bar diagram for anodic current response vs different loading concentrations of LCO@RGO/GCE. Table S1. Determination of SZ in human blood serum and river water in front of fabricated LCO@RGO/GCE.
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Scheme 1. Illustration of synthesis procedure of LCO@RGO. 
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Figure 1. (A) XRD pattern of LCO and LCO@RGO; (B) Raman vibration of (a) LCO, (b) RGO, (c) LCO@RGO. 
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Figure 2. (A,B) SEM image of LCO; (C) RGO sheet; (D,E) LCO@RGO; (F–J) elemental mapping; and (K) EDX spectra of LCO@RGO. 
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Figure 3. (A–C) TEM image of LCO; (D–G) LCO@RGO; (H) interplanar spacing of LCO@RGO; (I) SAED dark spot image of LCO@RGO. 
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Figure 4. (A) Nyquist plot of bare GCE, RGO/GCE, LCO/GCE, LCO@RGO/GCE; (B) CV redox current response of bare GCE, RGO/GCE, LCO/GCE, LCO@RGO/GCE; (C) scan rate current response of LCO@RGO/GCE at 20–300 mVs−1; (D) linear plot of current response vs scan rate. 
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Figure 5. (A) CV response of different modified electrodes in 100 µM of SZ; (B) anodic current response of various modified electrodes; (C) CV response of LCO@RGO/GCE in 0.1 M PBS at different pH values (3, 5, 7, 9, 11) containing 100 μM of SZ; (D) linear plot of current response vs different pH values. 
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Scheme 2. Oxidation reaction mechanism of SZ. 
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Figure 6. (A) CV current response of LCO@RGO/GCE in different concentrations of SZ, from 10 to 100 µM, in 0.1 M PBS (pH = 7); (B) linear current response of different concentrations of SZ (µM) in LCO@RGO/GCE vs oxidation peak current; (C) the current response of LCO@RGO/GCE at different scan rates from 20–230 mVs-1 in 0.1 M PBS containing 100 µM SZ; (D) linear graph of scan rate vs oxidation peak current. 
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Figure 7. (A) DPV anodic current response of SZ in various concentrations in 0.1 M PBS; (B) linear plot of anodic peak current vs. various concentrations of SZ. 
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Figure 8. (A) LCO@RGO/GCE at DPV response of various interfering compounds detection of SZ in 0.1 M PBS electrolyte; (B) repeatable measurements of fabricated LCO@RGO/GCE electrode in 100 µM of SZ; (C) reproducibility of five fabricated electrodes of LCO@RGO in 100 µM of SZ; (D) stability storage of LCO@RGO/GCE for 25 days. 
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Figure 9. CV oxidation current response of SZ at fabricated LCO@RGO/GCE: (A) human blood serum; (B) river water. 
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Table 1. Comparison table of fabricated LCO@RGO/GCE electrode detection with previously reported electrode material toward SZ.
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	Materials
	Method
	Linear Range (µM)
	Limit of Detection (µM)
	Reference





	MWCNT-MIP/GCE
	DPV
	4–50
	0.68
	[37]



	CuNPs/MIP-OPPy/GCE
	DPV
	10−9 M–10−5
	3.1 × 10−10
	[38]



	N-CQD/Mn3O4/SPCE
	DPV
	0.5–663
	0.014
	[39]



	GCE
	DPV
	20–300
	6.14
	[10]



	AuNPs/VS2-rGO/SPCE
	SWV
	0.01–0.345
	0.44
	[2]



	Bi electrode
	DPV
	3.2–97
	2.10
	[40]



	LCO@RGO/GCE
	DPV
	0.01–265
	0.005
	This work
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