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    History has revealed that innovations in “Voltammetry for Sensing Applications” have been the significant approach in the advancement of electrochemical analysis in various platforms such as drug testing and analysis, sensors for point-of-care devices, sensors for diverse analysis, advanced energy storage devices, clinical sample analysis, sensors for the detection of heavy metals, nanomaterials, disease detection, immune sensors, food sample analysis, and anti-inflammatory and anticancer drug detection. The high significance, stability, repeatability, reproducibility, high performance, inexpensive, less time consuming, lower detection limit and quantification, and so on are the most appropriate applications for the sensing tools and methodologies and which portray an imperative character in the environment, biological, medicinal, and food safety-related analysis. Recently, a new era was commenced in voltammetry for sensing applications through the expansion of large-scale, sensitive, selective, and lower concentration level detection to create new sensing devices for giving a kinetic and electrochemical reaction phenomenon. Current advancements in sensing technology will authorize an advanced control in material physical and chemical characteristics and behavior. Hereby contributing an opportunity for new sensory materials in voltammetric analysis with progressive characteristics, such as greater reliability, low-cost, and improved steadiness.
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      Abstract




      Nanomaterials play an important role in the fabrication of many devices and modified materials, due to their unique properties, such as large surface area/volume ratio, conductivity and high mechanical strength. In the present chapter, the applicability of nanomaterials in drug analysis is well investigated. The recent trends in the development of the electrochemical sensor platforms based on state-of-the-art nanomaterials such as metal nanoparticles, metal oxide nanoparticles, carbon nanomaterials, conducting polymer and nanocomposites are discussed. The unique synthetic approaches, properties, integration, strategies, selected sensing applications and future prospects of these nanostructured materials for the design of advanced sensor platforms are also highlighted. Various kinds of functional nanocomposites have led to the enhancement in voltammetric response due to drug - nanomaterials interaction at the modified electrode surface. So, different mechanisms for the extraordinary and unique electrocatalytic activities of such nanomaterials will be highlighted. Potential applications of electrochemical sensor platforms based on advanced functional nanomaterials for drug analysis are presented. High sensitivity and selectivity, fast response, and excellent durability in biological media are all critical aspects which will also be addressed. It is expected that the chemically modified electrodes with various nanomaterials can be easily miniaturized and used as wearable, portable and user friendly devices. This will pave the way for in-vivo onsite real monitoring of single as well as multi-component pharmaceutical compounds. The significant development of the nanomaterials based electrochemical sensor platforms is giving rise to a new impetus of generating novel technologies for securing human and environmental safety.
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      INTRODUCTION




      Nanotechnology involves the synthesis and application of materials having one of the dimensions in the range of 1–100 nm. The recent accomplishments in nanotechnology mainly nano-material-based electrochemical systems have led to the development of unique platforms that have significantly improved the sensory characteristics of conventional electrochemical systems. The combination of nano-materials of distinct nature and exceptional properties has notably contributed to fundamental biological research, environmental monitoring, drug and food safety, pharmaceutical procedures, healthcare diagnostics, and drug quality control. The interdisciplinary feature of such a synergic platform has not only extended the scope of sensor systems but has opened new pathways for the development of flexible and portable personal care and field applicable devices. Superior surface area to volume ratio and higher active site availability allow higher sensing response and catalysis as well as better magnetic, optical and electrical properties for biological, pharmaceutical and biomedical applications. This chapter mainly focuses on the modern advances in the growth of nanomaterials based electrochemical sensor platforms for the detection of potent biological analytes such as drugs and their ability for analysing complex samples such as urine, blood and pharmaceutical preparations.


    




    

      Nanomaterials Applied for Nanosensors




      Nanomaterials have unique physical and chemical properties as compared to their bulk materials due to their high surface area and electronic properties as well as the controlled morphology. The commonly used nanomaterials in electrochemical nanosensors are mainly carbon-based nanomaterials and metal oxide nanoparticles. Meanwhile, many emerging materials are explored to modify the surface of the working electrodes, such as conducting polymers [1], metal-based nanomaterials [2-4], carbon nanotubes [5-7], graphene [8-11], and metal-organic framework nanomaterials [12].




      This leads to the development of electrodes with good stability, huge specific area, improved redox performance, and recyclability. The fabrication of the nanocomposites with many combinations such as; metal nanoparticles, metal oxide nanoparticles, carbon nanotubes (CNTs), graphene (GR), quantum dots, and conducting polymer further improve the electrochemical sensing properties of such electrodes [13]. Fig. (1) shows the schematic representation of the most important nanomaterials employed for biological and biomedical applications, especially drug analysis.
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Fig. (1))


      Nanomaterials based electrochemical sensor platforms for drug analysis application.

    




    

      Classification of Nanomaterials




      A simple classification of nano-materials based on their structures includes zero, one, two, and three dimensions. Fig. (2) presents some examples of various morphological structures of nano-materials. These nano-materials have many applications in electrochemistry, photochemistry, and biomedicine [14]. Nano-materials have many functional platforms which can be utilized for therapeutic functions.
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Fig. (2))


      Nanomaterials with various morphologies.

    




    

      Nanoparticles Synthesis




      Several methods have been used for the synthesis of nanoparticles (NPs), including physical, chemical and biological methods [2, 4, 15-18] (Fig. 3). There are two different approaches for preparing the NPs; the bottom-up approach and the top-down approach. In the bottom-up approach, the atoms are assembled in nuclei and then grown into NPs. The top-down approach starts with bulk material at the macroscopic level, followed by trimming the material to the desired NPs. Biological and chemical methods which are used for NPs synthesis are considered bottom-up approaches. The selection of any of these methods in terms of scalability, costs, particle sizes, and size distribution should be considered.
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Fig. (3))


      Flowchart of different approaches for nanoparticles synthesis.



      The most openly used physical methods for the inexpensive synthesis of NPs are wet and dry mechanical grindings. The former is preferable because it allows more options to control the NPs size. The physical methods are generally required to have the raw material to grind, surfactant to cover the particle surface and prevent their aggregation, overheating during grinding and fluid carrier where both raw material and surfactant are mixed with a fluid carrier.




      Chemical methods generally provide an effective approach to synthesize NPs. The most widely used chemical methods are sol-gel technique, solvothermal method, hydrothermal method, microwave, microemulsion, and electrochemical reduction [2, 4, 15, 16]. The main components in the chemical approach are the metallic precursors, stabilizing agents and reducing agents (inorganic or organic). Chemical reducing agents such as sodium citrate, hydrazine, ascorbate, sodium borohydride (NaBH4), elemental hydrogen, tollens reagent, polyol process, N,N-dimethylformamide (DMF) and poly(ethylene glycol)-block copolymers are used [17]. The various chemical methods often need various treating steps, controlled pH and temperature, much expensive equipment and toxic chemicals. Further, these methods also generate several by-products which are toxic to ecosystems. Therefore, the requirement of generating an eco-friendly method using biological (green) synthesis approaches is urgently recommended [18].




      Biological methods for nanoparticles synthesis are proposed as green “eco-friendly” alternatives to existing physical and chemical methods. Biosynthesis of various types of very small nanoparticles (5-10 nm) is available [18]. Green chemistry has appeared as a novel concept for the development and implementation of chemical processes to decrease or remove the use of hazardous substances.




      

        Metal Nanostructures in Sensors




        Metal nanoparticles (MNPs) have unique physical and chemical properties which make them extremely suitable for designing novel and improved electrochemical sensors and biosensors [19]. MNPs can be used as analytical transducers and signal amplification elements in various sensing devices [20]. Various MNPs such as silver (Ag), gold (Au), platinum (Pt), palladium (Pd), cobalt (Co) and copper (Cu), including rare earth metals have been utilized in fabricating biosensors as well as electrochemical sensors [19].




        For example, Au NPs were deposited at the carbon paste electrode (CPE) and screen-printed carbon electrode (SPE) surfaces at -0.4 V for 300 s for designing an effective electrochemical sensor for Moxifloxacin Hydrochloride (Moxi) drug [21]. Both electrodes gave rise to the largest current responses compared to graphene oxide (GO), Ag NPs, nano-Co (II, III) oxide, CNTs and Zeolite [21]. The SPE support was preferred over the CPE for its ability to be used as a disposable single-use sensor enabling the circumvention of the problems of electrode surface fouling. Scan electron spectroscopy (SEM) and Transimision electron spectroscopy (TEM) indicate the successful deposition of Au NPs (sizes of 13–58 nm), which dispersed well onto the electrode surface. Differential pulse voltammetry (DPV) was applied to Moxi detection which gave rise to an accessible concentration window ranging between 8 µM and 0.48 mM, and a detection limit (LOD) of 11.6 µM using AuNPs modified SPE. It was also practiced in a human baby urine sample with excellent recoveries (R%) between 99.8% and 101.6% and relative standard deviations (RSDs%) of 1.1–3.4%.




        Pd is also abundant over other noble metals such as Pt and Au, and this is making it a cheaper alternative for developing a number of sensors [22]. Pd, in combination with other materials such as GR or GO to form nanocomposites has improved the mass diffusion of analytes. Nanocomposites normally offer electron tunneling which enables electron transfer between the active site and the electrode [22, 23]. Ex-situ decoration of graphene oxide with palladium NPs was prepared for sensitive electrochemical determination of antibiotic drug Chloramphenicol (CPL) in food and biological samples [23]. Pd NPs/GO nanocomposite modified glassy carbon electrode (Pd NPs/GO/GCE) exhibits wide linear range (0.01 to 102.68 µM), high sensitivity (3.048 µA µM−1 cm2), and low limit of detection (LOD = 0.001 µM) towards CPL determination in bulk form. This sensor exhibits an excellent selectivity for the CPL sensing in the presence of different interfering compounds. It is applied to the food and biological samples for the determination of CPL with good (R±RSD%) values of (97.88 ± 1.05%) and (99.52±2.05%), respectively.




        A reproducible method for simultaneous determination of Entacapone (EN), Levodopa (LD) and Carbidopa (CD) drugs is also described utilizing Pd NPs [24]. It is based on electrodeposition of Pd NPs on a methionine modified CPE in the presence of sodium dodecyl sulphate (Met/Pd/CPE/SDS). Chrono-amperometry (CA), electrochemical impedance spectroscopy (EIS), cyclic voltammetry (CV) and DPV techniques were used to characterize the properties of the sensor. The voltammetric results showed well-defined anodic peaks at potentials of 650, 488 and 320 mV, corresponding to the oxidation of EN, LD, and CD, respectively, indicating that the simultaneous determination of these compounds is feasible. The respective linear ranges were (2.0×10−8 to 0.8×10−3 M), (0.5×10−5 to 60.0×10−3 M) and (0.3×10−5 to 15×10−3 M) for EN, LD and CD, respectively, using DPV. Validation of this sensor for determination of EN in urine sample was examined using DPV. A wide linear dynamic range of (2.0×10–7 to 0.4×10–4 M) and LOD value of 1.87×10–8 M were achieved. Also, the recovery (99.88 – 100.1) and standard deviation (0.55×10–7 - 2.5×10–7) were calculated.




        Cu has fascinated many researchers as an ideal material for use in sensors’s construction, since it has good stability, outstanding electrical conductivity, electrocatalytic properties, and low cost when compared with Pt, Au and Ag [25]. Cu-based nanostructures have many exceptional properties such as high mass-transport rate, surface to volume ratio and sensitivity in electroanalytical measurements. Cu nanoclusters prepared via a simple one-step electrodeposition process at -0.7 V on Pt electrode were utilized to determine nitrates within the concentration range from 0.1 – 4 mM [25]. Moreover, synthesized Au NPs were used as a chemosensor for Piroxicam in a concentration range of 20–60 μM [26].


      




      

        Metal Oxide Nanostructures in Sensors




        Semiconductor metal oxide-based nanostructured materials have been expansively utilized as sensors in numerous applications. Their small crystallite size can enhance the sensor’s performance. Metal oxide nanoparticles (MONPs)-based sensors are robust, inexpensive and easy to produce [27]. Among the various porous nanomaterials, metal oxides have attracted increasing industrial and technological interest [28].




        NiO NPs have received considerable attention due to its lower cost, outstanding high specific capacitance, catalytic and electrical properties. NiO is p-type metal oxide semiconductor; it has wide range of applications in various fields [28-30]. NiO nano-flakes (NiO NFs) were synthesized using ammonia precipitation or precursor method [29, 30] and characterized (as shown in Fig. (4)) for Ledipasvir drug determination [4]. Thermal gravimetric analysis (TGA) depicted that the precursor Ni(OH)2 decomposed completely at 400°C which was applied during calcinations process for nano-scale NiO production. The Energy dispersive X-ray (EDX) spectrum of NiO shows that O/Ni molar ratio equals nearly 1:1. SEM reveals the formation of ultra-thin NiO nano-flakes (17.60±4.20 nm) with a diameter ≈ 190 nm on average while TEM shows average crystallite size of NiO NFs of (17.83 ±4.15 nm). From X-ray diffraction (XRD) profile of NiO NFs, the interplanar spacing of 0.21 nm and the crystalline size of 14.31 nm confirm formation of the nano-crystalline structures. The N2 adsorption–desorption isotherm of NiO NFs indicates its mesoporous nature. The calculated BET specific surface area was 11.56 ± 0.81 m2 g−1.
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Fig. (4))


        A) TGA and DTA of Ni(OH)2 precursor, B) EDX analysis, C) SEM image, D) XRD pattern, E) TEM image and F) N2 adsorption isotherm of the NiO NFs (© The Electrochemical Society-Permission of IOP Publishing, [DOI: 10.1149/1945-7111/ab9e86]).



        The synergetic benefit of [NiO NFs – activated charcoal] platform was examined for the first time for ultra trace determination of Ledipasvir drug. It improved the performance of CPE sensor in terms of linear dynamic range (3.0×10−9 – 1.5×10−6 M), LOD (5.49x10-10 M), R% (98.33 -102.03) and RSD% (1.82-2.80) in human plasma samples. This sensor is adequate for clinical pharmacokinetic study since it offers high selectivity, stability, accuracy and precision values as well as its wide concentration range covers the Cmax and Cmin of the Ledipasvir in its pharmacokinetic study [4].




        CuO nanostructure as an active transducing material is utilizing in direct electrochemical determination of N-acetyl-l-cysteine (NAC) (which is used in the treatment of chronic respiratory diseases) [31]. The CuO NPs were produced using the hydrothermal method with the assistance of templates (NAC itself, adipic acid and citric acid). The electrode modification was achieved by casting the decided volume of the nano-dispersion over a pre-polished electrode then the modified dry layer was followed by a layer of Nafion to prevent the surface erosion. The highest current with low-over potential value was achieved using citric acid as an active template due to favorable interaction that perceived between the surface-bound functionality (carbonyl) and hydroxyl moiety of NAC. Such sensor exhibited excellent linearity in the concentration range of 0.1 to 5.0 μM and LOD was as low as 0.01 μM.




        Further, a disposable CuO NPs modified screen-printed carbon electrode (CuO NPs/SPCE) was studied for sensitive determination of Mirtazapine (MZ) drug [32]. The linear response was in the concentration range of 66.62– 662.25 ng mL-1 using DPV. LOD value was 4.49 ng mL-1. This sensor was applied to the determination of MZ drug in tablets and spiked plasma samples. Satisfactory R±RSD% of (100.02±0.04) and (101.15±2.05) were found for MZ in tablets and serum, respectively. This indicates that the suggested sensor is highly suitable for clinical analysis, quality control determination of MZ in pharmaceutical formulations and spiked serum.




        Also, SiO2 and TiO2 NPs have been employed in the modification of CPE [33, 34] for the determination of Gallic acid. Voltammetric studies show that the SiO2 NPs modified CPE is sensitive to Gallic acid in the concentration range of (8.0× 0-7 - 1.0×10-4 M). LOD and sensitivity were calculated as 2.5×10-7 M and 1790.7 μAmM-1, respectively [33]. However, TiO2 NPs/CPE offers a linear dynamic range of (2.5 × 10−6 to 1.5 × 10−4 M) with LOD of 9.4×10−7 M [34]. Finally, the proposed modified electrodes were successfully used in real sample analysis.




        Magnetite nanoparticles (Fe3O4 NPs) have attracted also great attention for its high sensitivity response toward drugs determination [35]. With ongoing explorations, a typical bimetallic iron-based oxide, spinel ferrite with the general formula of MFe2O4 (M = Fe, Ni, Co, Mn, Zn), has attracted much attention [36]. The excellent electrochemical properties which originate from electrons hopping between Fe2+ and Fe3+ ions render it useful in several applications [37]. It was reported that doping Mn in Fe3O4 NPs could provide a synergistic effect with Fe species for higher electrochemical reactivity [35]. For example, Mn ferrites NPs modified CPE was developed for sensitive and selective voltammetric determination of a new antiplatelet agent, Ticagrelor hydrochloride (TIC.HCl) drug in formulations and human blood samples (Fig. 5) [38]. First, a series of Mn ferrites NPs {MnxFe3-xO4 (x = 0.2 - 1)} was easily synthesized using the co-precipitation method and characterized using different techniques (Figs. 6 and 7).
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Fig. (5))


        Symbolizes the determination of a new antiplatelet agent, Ticagrelor hydrochloride (TIC•HCl) drug in human blood at Mn0.2Fe2.8O4 NPs modified carbon paste electrode (© The Electrochemical Society-Permission of IOP Publishing, [DOI: 10.1149/1945-7111/ab7e21]).
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Fig. (6))


        EDX spectrum (a), SEM image (b) and X-ray diffraction patterns (c) of the as-prepared Mn0.2Fe2.8O4 NPs (© The Electrochemical Society-Permission of IOP Publishing, [DOI: 10.1149/1945-7111/ab7e21]).
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Fig. (7))


        TEM (a-c) and HRTEM (d) images of Mn0.2Fe2.8O4 nanoparticles (© The Electrochemical Society -Permission of IOP Publishing, [DOI: 10.1149/1945-7111/ab7e21]).



        EDX spectroscopy indicated that the composition of Mn0.2Fe2.8O4 was consistent with their estimated molar ratios. X-ray diffraction pattern reveals the phase purity and the formation of crystalline nanoparticles with cubic inverse spinel structures. Mn0.2Fe2.8O4 sample was found to have the smallest particles size (10.72 nm), lattice parameter (0.84 nm), crystal volume (58.70 nm) and highest BET surface area (79.54 m2/g) compared to the higher Mn2+ content in the other samples (0.2 < x ≤ 1). Fig. (8) illustrates square-wave adsorptive anodic stripping voltammetry (SW-AdASV) at different %compositions of Mn0.2Fe2.8O4 modified carbon paste electrode. At 2%(w/w) Mn0.2Fe2.8O4/CPE, the electro-chemical behavior of TIC.HCl was investigated and the electrode reaction mechanism was suggested, (Fig. 8). The total number of electrons exchanged per molecule was found to be 2e−. The oxidation of TIC.HCl occurs first at S atom with the removal of 1e−, leading to the formation of a cationic radical. After that formation of sulfoxide species can be took place via losing of another 1e− and nucleophilic attack by water. Mn0.2Fe2.8O4/CPE offered ≈ one order of magnitude improvement in LOD value (1.39×10−9 M) compared to the bare CPE (1.53×10−8 M). Assay of TIC.HCl in its dosage forms (Thrombolinta and Brilinta® tablets) with excellent percent recovery values of (%R = 99.21- 99.72%) and in human plasma sample with very low LOD value (5.68×10-9 M) was performed. Reproducibility of the method was evaluated by 3 successive determinations of TIC.HCl with 3 different modified electrodes. The RSD% value of less than 3.0% was obtained for 8×10–8 M of TIC.HCl indicating a good reproducibility. This approach has high sensitivity, stability and good reproducibility. Acquired results demonstrate that proposed strategy can be effortlessly applied for routine examination of TIC.HCl in its formulations and in human plasma samples.
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Fig. (8))


        SW-AdAS voltammograms of 1.0×10-7 M TIC•HCl in B-R universal buffer solution of pH = 2 recorded at Eacc= -0.2 V for 80s onto modified CPE with various % (w/w) Mn0.2Fe2.8O4: a) 0.5%, b) 1%, c) 2%, d) 5% and e) 10% (w/w) Mn0.2Fe2.8O4 and the suggested oxidation mechanism of TIC●HCl at CPE (© The Electrochemical Society - Permission of IOP Publishing, [DOI: 10.1149/1945-7111/ab7e21]).

      




      

        Carbonaceous Nanostructures




        One of the most currently used materials in the nanotechnology field is the carbon-based one due to its remarkable properties. Carbonaceous structures present numerous advantages compared to other usually employed materials, especially their extraordinary physical-chemical properties. Carbon offers matchless versatility among the elements of the periodic table. Relying on its hybridization state and atomic arrangement, carbon forms the layered semiconductor graphite, the insulator diamond with its surpassing hardness, the high surface area amorphous carbons, and the nanoscale forms of carbon with various shapes including ball shapes such as fullerenes (C60), wires such as carbon nanotubes (CNTs), sheets such as graphene (GR), etc [39]. By combining the advantages of carbon materials with those of nanostructured materials, carbon-based nanoscale materials have been widely used (as the nano-electrocatalysts) in the design of advanced electrochemical sensors. The abilities of carbon based nano electrocatalyst electrodes to enhance electron transfer reactions and to provide resistance to surface fouling have been documented in connection with a plenty of species [2, 3, 6-9, 11, 40, 41]. This would be most likely attributed to the presence of edge plane like sites on nanostructured carbon materials [42]. Among those the carbon nanomaterials, graphene (GR) is considered as the basic building block for graphitic materials of all other dimensionalities. GR is an individual graphite layer. It is a two-dimensional (2-D) monolayer of carbon atoms parked into a dense hexagonal network structure. GR can be wrapped up into 0-D C60, rolled into 1-D CNTs, or stacked into 3-D graphite, (Fig. 9) [43].
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Fig (9))


        Carbon nanomaterials, including graphene (a 2-D building material for carbon materials of all other dimensionalities) which can be wrapped up into 0-D buckyballs, rolled into 1-D nanotubes or stacked into 3-D graphite.

      




      

        Carbon Nanotubes in Sensors




        The 1-D CNTs can be described as a 2-D GR sheet rolled up into a nanoscale hollow tube (which are single-wall CNTs), or with additional GR sheets around the core of a single-wall CNTs (called multi-wall CNTs). The desirable properties of CNTs are referred to as their unparalleled sp2 structures. CNTs have diameters in the range between fractions of nanometers (nm) and tens of nm, lengths > hundred nm and extremely high surface area (For one side of GR sheet, the value obtained is 1315 m2g-1 while using different multi-walled geometries and nanotubes bundles the value decreases to 50 m2g-1 [44]). The GR layers of CNT themselves are weakly bound to each other (weak long-range Van der Walls-type interaction and interlayer distance of 0.34 nm). CNTs can be synthesized via laser ablation, chemical vapour deposition or arc discharge [45].




        The functionalization of CNTs (f-CNTs) depends on the attachment of inorganic or organic moieties to their tubular structure. The functionalization of CNTs allows the modification of the structural framework and the creation of supramolecular complexes [45]. By this process, it is possible to modulate their physicochemical properties, increasing their ease of dispersion, reactivity, manipulation, biocompatibility and processability. Functionalized CNTs have several remarkable mechanical, thermal, electrical, and adsorption properties, which make them optimal in manufacturing electrochemical sensors and biosensors [45]. The different approaches for the modification of CNTs can be classified in four main groups (Fig. 10).
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Fig. (10))


        The different approaches for the functionalization of CNTs.



        The covalent functionalization of CNTs has two strategies which are direct sidewall and defect group functionalization. The sidewall functionalization of CNTs is based on the rehybridization of a sp2 carbon atom into a sp3 configuration and forms a covalent bond between the attacking species and a carbon atom of the CNT scaffold. However, defect group functionalization is relied on anchoring the desired functionalities through appropriate chemical groups introduced in intentionally created or preexisting defects on the CNT scaffold. Both approaches create a disturbance of the CNT tubular structure [45].




        Noncovalent functionalization of carbon nanotubes depends on the wrapping or adsorption of different functional molecules on the tubular surface of the CNTs. It is based on π-π stacking, van der Waals or charge-transfer interactions and so it preserves the extended π-network of the carbon tubes. A wide range of compounds have been used for the noncovalent functionalization of CNTs (Fig. 10).




        Generally, pristine MWCNTs and the various types of the functionlized MWCNTs (f-MWCNTs) are extensively used in modification of carbon electrodes, especially CPE for developing electrochemical sensors for drug analysis. With this respect, covalent f-MWCNTs were prepared by a simple surface oxidization of the pristine MWCNTs using KMnO4 for determination of Domperdon drug [7].




        The f-MWCNTs were characterized using FTIR spectra, TEM, BET N2 sorption isotherms and TGA [7]. FTIR spectra reveals the introducing surface functional groups such as –OH, >C=O and –COOH by chemical oxidation of pristine MWCNTs using KMnO4. TEM images (Fig. 11) show that the overall level of amorphous carbon and catalyst impurities was reduced and a few defects were generated in the outer most graphene sheets of the MWCNT. The end caps of the MWCNTs are opened and the diameters begin to narrow. Van der Waals interactions between different CNTs are decreased and nanotube bundles are separated into individual tubes.
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Fig. (11))


        TEM images of (a): pristine MWCNTs; amorphous carbon and/or metallic impurities were marked by circles and (b - c): f-MWCNTs opening tips were marked by circles and side wall defects were marked by arrows (© The Electrochemical Society-Permission of IOP Publishing, [DOI: 10.1149/2.1091714jes]).



        The electrochemical sensor (f-MWCNTs/CPE) exhibited excellent electrocata-lytic behavior for oxidation of Domperidone in comparison with a bare CPE (Fig. 12). The 1st quasi-reversible oxidation process was occurring on the −NH groups of the two amide moieties via 1e− and 1H+ for each, forming stable free radical species (II) and the 2nd irreversible oxidation step was located on the piperidine ring, which represented a typical redox system with 2e−. Neutral Domperidone looses an e− to form a cation radical, which on loosing 1H+ and 1e− in subsequent steps forms a quaternary Schiff base. The resulted quaternary Schiff base was rapidly hydrolyzed to the aldehydic derivative (III) and secondary amine (IV) Fig. (12).
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Fig. (12))


        Cyclic voltammograms of 1.0×10−5 M Domperidone recorded at bare CPE (violet) and 20%(w/w) f-MWCNT/CPE (pink) {Inset is SEM images of bare CPE and 20%(w/w) f-MWCNTs/CPE} and the corresponding reaction mechanism of Domperidone (© The Electrochemical Society-Permission of IOP Publishing, [DOI: 10.1149/2.1091714jes]).



        Limit of quantitation (LOQ) value of 6.23×10-11 M was achieved for assay of Domperidone in bulk form (which was much lower than that reported (1.43×10–9 – 4.10×10–8 M) using the previous voltammetric assays using different types of the modified electrodes [7]. For intra-day-assay, the achieved SD, RSD%, R% and relative error (RE%) were in the range of (0.02–0.05), (0.52–0.91%), (98.75–99.83%) and (-1.17 – -1.25%), respectively indicating high precision and accuracy of the proposed assay procedure for Domperidone. The results of R±RSD% (97.25±2.02 – 98.50±1.57%) obtained due to (Lab.-to-Lab.) and even (day-to-day) using the same and different prepared electrodes were also found reproducible indicating the stability of the proposed sensor.




        The determination of Domperidone in biological systems has been considered as useful indicator of problem related to arrhythmias, hyper-prolactinemia, sudden death and cardiac arrest. So, its detection in body fluids is of great essential in the field of clinical diagnostics. Direct assay of Domperidone spiked in human plasma samples was carried out successfully by the described SW-AdASV method. The average LOD (4.68×10−11 M) indicates the sensitivity of the developed electrode for assay of Domperidone in plasma samples without interferences from some foreign organic and inorganic species. The calculated mean %R (98.06–101.49%) and %RSD (1.79–2.68%) using five determinations of various concentrations of Domperidone elucidate insignificant differences between the spiked and the detected amounts of Domperidone in plasma samples. The simplicity, accuracy, precision, and sensitivity of the developed method offer the possibility to assay the drug in real plasma samples at various therapeutic dose levels for pharmacokinetic studies.




        Moreover, cyclic voltammetry and molecular docking were used to determine the interactions of Domperidone with ds-DNA. The decrease in the peak current of DNA and the positive shift in its peak potential in a successive addition of Domperidone are a good indication for drug-DNA interaction (Fig. 13). Molecular docking confirmed that Domperidone binds to DNA by groove binding mode which constitutes an important class in anticancer therapy (Fig. 13). The higher binding constant (8.77×104 M-1) might be sufficient to interfere with DNA replication. Thus, Domperidone can be used as an anticancer therapy.




        Similarly, HNO3 acid oxidation of pristine MWCNTs [6] helps in decreases diameters, opens up tube ends, thus increases BET surface area. The carboxylic groups functionalization of MWCNTs was confirmed using FTIR spectroscopy (due to the appearance of a band at 3428 cm-1 for stretching of bending -OH group of carboxylic group, a band for -COOH group at 1646 cm-1, a band at 1431 cm-1 for vibration of carbonyl and carboxylic groups in addition to that ascribed to stretching vibration C-OH at 1051 cm-1) (Fig. 14A).
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Fig. (13))


        Cyclic voltammograms of 5×10-4 M DNA in the absence (blue) and presence of 3×10-5 (red), 4×10-5 (violet), 5×10-5 (green), 6×10-5 (orange) and 7×10-5 M (black) Domperidone and 3D representation of Domperidone showing its interaction with DNA (1BNA): (a) The ribbon structure of the B-DNA dodecamer interacting with Domperidone and (b-d) The hydrophobicity structure of the B-DNA with Domperidone docked in the minor groove (© The Electrochemical Society-Permission of IOP Publishing, [DOI: 10.1149/2.1091714jes]).
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Fig. (14))


        A): FTIR spectra of pristine and f-MWCNTs samples, B) Nyquist plots of the EIS for the bare CPE (a), 5%(w/w) f-MWCNTs/CPE (b) and 7%(w/w) f-MWCNTs/CPE (c) for 1.0×10-6 M MV.HCl, C): SEM images of bare CPE (a) and 7%(w/w) f-MWCNTs/CPE (b) and D): CV of 1.0×10-5 M MV.HCl at scan rate = 300 mVs-1 and E): SW-AdAS voltammograms for 1.0×10−6 M of MV.HCl in its formulations: (a) Colona tablets® {100 mg mebeverine (MV.HCl) + 25 mg Sulpiride (SPR)} and (b) Coloverin A® tablets {135 mg mebeverine (MV.HCl) + 5 mg chloridazepoxide (CDP)}, (© The Electrochemical Society-Permission of IOP Publishing, [DOI: 10.1149/2.0941706jes]).



        EIS and SEM indicate that the lowest charge transfer resistances and the heighest surface area are for 7%(w/w) f-MWCNTs/CPE, (Fig. 14B and 14C), respectively which was applied in determination of Mebeverine Hydrochloride (MV.HCl) drug using SWAdASV method. This electrode exhibited higher electrocatalytic activities towards oxidation of MV.HCl compared to bare CPE (Fig. 14D). The oxidation process of MV.HCl was occurring on the methoxybenzene groups via 2e- according to (Fig. 15). 7%(w/w) f-MWCNTs/CPE was applied for trace determination of MV.HCl in different pharmaceutical preparation samples; “Coloverin A®”, “Colona®” and “Colofac®” tablets. Excellent mean (R%) and (RSD%) of (99.53±1.02%), (99.25±0.72%) and (99.10±0.99%), were obtained for analysis of MV.HCl in “Coloverin A”, “Colona” and “Colofac” tablets, respectively, indicating that there were no interferences from excipients and co-formulated Sulpiride (SPR) or Chloridazepoxide (CDP) drugs (Fig. 14E). The average LOD value of MV.HCl spiked in six human serum samples of three healthy volunteers was 2.0×10-10 M and a wide concentration range of (8.0×10-10 to 2.0×10-8 M) was achieved. Satisfactory mean %R (99.2 to 101.00) and RSD% (0.25 to 1.12) and relative error% (–0.80 to 1.00) were also achieved.
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Fig. (15))


        Electrode reaction mechanism of Mebeverine hydrochloride, (© The Electrochemical Society-Permission of IOP Publishing, [DOI: 10.1149/2.0941706jes]).



        MWCNTs-TiO2NPs/GCE was prepared [46]. The enzyme horseradish peroxidase (HRP) was then immobilized to enhance the sensing ability of GCE. The proposed (MWCNTs-TiO2NPs-HRP)/GCE biosensor was used for the determination of Isoniazid in various pharmaceutical samples using DPV. The increment of anodic peak currents for the enzyme-induced sensor was almost 8-fold greater than that of a bare GCE. The enzyme horseradish peroxidase (HRP) shows greater affinity for coupling with the nanocomposite for electrochemical transduction due to the presence of amino groups in the HRP enzyme. The DPV technique exhibited good LOD value of 0.034 µM. The stability study was carried out for 40 days with the same electrode where the electrochemical signal implies only 4.39% of the electrochemical signal decreased. This result indicates that the fabricated electrode showed good repeatability and long-term stability. Moreover, the real sample (Commercially-available INZ tablets /100 mg) analysis gave good RSD% values (1.69 - 1.98%) with an excellent R% (98.9 - 99.2%). The devolped sensor may have scope for use in the pharmaceutical industries in the near future.




        A mixture of bimetallic Au–Pt NPs was electrodeposited on MWCNT/GCE to construct a sensitive voltammetric sensor for Cefotaxime (CFX) drug [47]. A remarkable enhancement in the peak current was observed by a factor of 3.53, 13.07, 20.00 at the surface of Au–PtNPs/GCE, MWCNTs/GCE and Au–PtNPs/MWCNTs/GCE, respectively, compared to bare CPE. Using linear sweep voltammetry (LSV), LOD of (1.0 nM) was achieved at Au–PtNPs/MWCNTs/GCE. To study the reproducibility of the electrode preparation procedure, 5 electrodes were prepared. The average RSD% for the electrodes' peak currents of 3 determinations on each electrode was 3.96%. An amount of 483.87 mg with a good accuracy of 96.77% and RSD of 3.86% was found for the analysis of drug pharmaceutical sample (500 mg CFX per ampoule). R% evaluation of 96.28% CFX was found by spiking of its standard solutions in the range of 0.01– 4.00 μM into the diluted plasma samples. This sensor was thus validated for CFX detection in pharmaceutical and clinical preparations.




        A GCE was modified with a TiO2-Au NPs hybrid integrated with MWCNTs in a dihexadecylphosphate film (TiO2-Au NP-MWCNT-DHP/GCE) and applied to amperometric determination of ascorbic acid at 0.4 V [48]. A statistical linear concentration range for the acid from 5.0 to 51 μM, with a LOD of 1.2 μM was obtained. It was applied to its determination in pharmaceutical (500 mg ascorbic acid per tablet) and fruit juice samples. Excellent R% values ranging from (97.70 – 104.00%) and (96.30 to 105.00%), respectively, for the pharmaceutical and fruit juice indicate that this method does not suffer from any significant effects of matrix interference.




        A highly sensitive method was developed for simultaneous determination of warfarin and mycophenolic acid using CPE modified by β-cyclodextrin/multi-walled carbon nanotubes/cobalt oxide nanoparticles (β-CD/MWCNTs/CoONPs/ CPE) [49]. The oxidation peaks of warfarin and mycophenolic acid drugs at 0.65 V and 0.86 V, respectively, were separated enough using the constructed electrode. CV, DPV and EIS were utilized for study the electrochemical response of the fabricated electrode. The stripping voltammetric responses were linear in the concentration ranges (0.05-150 μM) and (0.5-200 μM) and LOD values were 0.02 and 0.03 μM for warfarin and mycophenolic acid, respectively. This electrode was applied for simultaneous determination of these drugs in urine and human serum samples.




        An electrochemical sensor based on carboxylated-MWCNTs, polythionine and Pt NPs nanocomposite modified GCE (cMWCNT@pTh@Pt/GCE) was described [50] for simultaneous determination of Myricetin and Rutin by DPV. Myricetin and Rutin oxidation peaks appeared at 0.16 and 0.34 V vs. SCE, respectively. Based on a synergistic effect among cMWCNT, pTh and Pt, the modified GCE has wide linear response in the range of 0.01-15 μM Myricetin and Rutin. LOD of 3 nM and 1.7 nM were achieved for Myricetin and Rutin, respectively. This sensor was also applied for simultaneous determination of myricetin and rutin in spiked juice samples, and satisfactory results of (98.55±2.00%) and (98.87±1.55%) were obtained, respectively.




        Epirubicin antibiotic was detected at GCE modified with Ag decorated MWCNTs composite (Ag-MWCNTs/GCE) [51]. SWV detects Epirubicin with a LOD of 1.0×10−9 M. Recently, a nanocomposite from nitrogen decorated reduced graphene oxide and single-walled carbon nanotubes is loaded with Pt NPs and is then used to modify a GCE (N-rGO-SWCNTs-Pt/GCE) [52]. This electrode achieved LOD of 5.7×10−9 M for Daunorubicin drug.


      




      

        Graphene in Sensors




        Graphene (GR) is comprised of sp2-hybridized carbon atoms packed in a hexagonal network structure to form a flat, 2-D sheet [53]. This structure is responsible for GR and CNTs unique properties such as their high thermal conductivity and unique electronic properties. This structure is also like those found in bulk graphite, but the layer thickness should be below (10 – 12) layers and the inter-planar distance should be around 0.34 nm [53]. GR is an ideal material for electroanalytical applications [2, 8, 9, 11, 54] because of its outstanding properties which involve high electrical conductivity, fast adsorption kinetics and large surface area (2630 m2/g for single-layer graphene, which is double that of SWCNTs). Further, its subtle electronic properties suggest that it has the ability to promote electron transfer when used as a modifier of working electrode [2, 8, 9, 11, 53, 55]. This behavior may arise from delocalization of π orbital through the structure. In particular, the reported carrier mobility in graphene can reach up to 106 cm2/Vs [56]. This can enable devices with higher operating frequencies, and ultimately superior performance. Consequently, GR provides great domain in the analysis field.




        The GR synthesis can be performed by bottom-up and top down strategies. The direct fabrication of GR on a large scale using present various methods such as chemical-vapor deposition [57], graphite micro-mechanical exfoliation [58], ultrasound [59], and graphite liquid-phase exfoliation [60] are still unavailing. The main drawbacks of these methods are the difficulties in further proceeding of the carbon nanomaterial and the low amount of material which can be synthesized.




        Functionalizing graphene (chemically modified graphene) with other species can have a signicant impact on its properties [61]. The carbon atoms in pristine GR adopt a sp 2-hybridized scheme, with three σ bonds in plane and a conjugated π orbital out of plane. Upon covalently binding molecules or elements to the GR surface, the three bonds can be converted to a tetragonal sp3 configuration and form so-called chair/herringbone and boat configurations. Edge passivation is believed to have a significant impact on the electronic properties of graphene, particularly for graphene nanostructures.




        Pristine GR was utilized for producing GR-based sensors, capable of nano determination of a wide range of drugs [2, 8]. An effictive GR-based sensor was constructed for determination of Dapoxetine drug (which has medical features for the treatment of premature ejaculation in men) in real samples such as in “Joypox® tablets” and in spiked human plasma [8]. Pristine GR was characterized using XRD, FTIR, SEM and TEM techniques (Fig. 16). The FTIR spectrum of pristine GR shows some residual oxygen containing groups such as OH groups remained during its production process. Its XRD pattern showed a peak at 2θ = 25.5, referring to (002) reflection, (Fig. 16A). This peak is intense and sharp confirming the crystalline plane of GR. The number of GR layers and the average interlayer distance were found to be 11.00 and 0.35 nm, respectively. SEM image is featured with a layer-by- thin layer structure, (Fig. 16B). TEM image indicates a wide area of transparent GR layers which is a reflection of a few layers of GR. Further, the obvious wrinkles and folds revealed the flexibility of graphene nanosheets, (Fig. 16C). The inter lattice spacing/lattice fringe measured from the fringe pattern, as indicated from the high resolution TEM (HR-TEM) image, was about 0.22 nm, (Fig. 16D).
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Fig. (16))


        A) XRD spectra, B) SEM image, C) TEM image and D) HRTEM image correspond to atomic spacing of the pristine graphene samples (© The Electrochemical Society-Permission of IOP Publishing, [DOI: 10.1149/2.0491803jes]).



        Three times enhancement in the oxidation response of Dapoxetine at GR/CPE surface compared to that at bare CPE was observed. This can be due to the unique sp2-hybridized single-atom-layer structure of GR. π-π interactions and H-bond may also be responsible for the excellent adsorption of Dapoxetine on GR sheets (Fig. 17A) [8]. The number of electrons exchanged per Dapoxetine molecule was found to be 2e–. Tertiary amine group can be oxidized to give the corresponding ketone and amine derivatives as in suggested reaction mechanism shown in Fig. (17B).
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Fig. (17))


        A) The schematic of π-π interaction and hydrogen-bonding between Dapoxetine and graphene and B) the suggested electrode reaction mechanism of Dapoxetine (© The Electrochemical Society-Permission of IOP Publishing, [DOI: 10.1149/2.0491803jes]).



        Direct determination of Dapoxetine drug in human plasma as well as pharmaceutical samples was possible without interference from endogenous human plasma constituents or excipients which are present in its Jaypox tablets [8]. A wide concentration range of (8.0×10-9 to 1.1×10-7 M) with low LOQ value of 2.25×10-9 M was achieved in human plasma. Mean % R (98.22 – 99.10) and RSD % (1.05 – 2.68), reveal that the proposed method is highly precise and accurate for determination of Dapoxetine in spiked human plasma samples. No siginificant intereference was observed in presence of 120-fold concentration of (ibuprofen, paracetamol, aspirin, sucrose, glucose and starch), 100-fold concentration of (urea, uric and ascorbic acids), and 200-fold concentration of (Na+, K+, Ca2+, Mg2+, Zn2+, Co2+, Cu2+ and Fe3+ at tolerance limit corresponding to a relative error of 5% in the analytical signal of Dapoxetine. GR/CPE response to Dapoxetine lost by (0.40 – 0.55%) only of its original response after storage for 60 days indicates long-term stability of the electrode. The LOQ value is well below the reported concentration level encountered in human plasma specimens (3.27×10-9 M) after therapeutic dosing. So, the developed GR sensor can be applied for quality control analysis and assay of Dapoxetine in clinical samples.




        An economical GR/CPE in situ modified with various surfactants was used for trace voltammetrical determination of Itraconazole drug (an inhibitor of the cytochrome P-450 14 α-demethylase enzyme) in formulation and human plasma samples [11]. First, there is an obvious enhanced response of K4[Fe(CN)6] (as a redox probe) at GR/CPE compared to that at bare CPE (Fig. 18A) which can rely on the high surface area, the high conductivity and the favorable electronic properties of GR. Itraconazole drug exhibits a main irreversible anodic peak at potential of 920 mV at bare CPE and 890 mV at GR/CPE, (Fig. 18B). This peak is also more developed at GR/CPE indicating the strong electrocatalytic effect of the GR towards Itraconazole oxidation. Further, anionic (sodium dodecyl sulfate, SDS) exhibited better improvement in the electrical properties of the electrode-solution interface compared to cationic (cetyltrimethyl ammonium bromide, CTAB) and non-ionic (Triton X-100), (Fig. 18B).




        The adsorbed-SDS at GR/CPE interacts with itraconazole molecules through hydrophobic and electrostatic attraction which encourages the electron transmission between the drug and electrode surface, as shown in graphic scheme (Fig. 19). The oxidation of Itraconazole follows ECE reaction pathway [11]. It involves loosing of 1e− and 1H+ first to form a radical cation which stabilizes through deprotonation (chemical reaction step) and another 1e− oxidation to form a quaternary Schiff base, (Fig. 20A).
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Fig. (18))


        A) CV characterizations of bare CPE (a), GR/CPE (b) and SDS-GR/CPE (c) using the redox probe K4[Fe(CN)6] at scan rate of 100 mV/s. B) CV of 2 × 10–5 M Itraconazole recorded at scan rate v = 300 mV/s in the universal buffer of pH 2 in absence of the surfactant at: (a) bare CPE and (b) 3%(w/w) GR/CPE and at 3%(w/w) GR/CPE in presence of 0.5 mM of: (c) Triton X-100, (d) CTAB and (e) SDS (© The Electrochemical Society-Permission of IOP Publishing, [DOI: 10.1149/1945-7111/abbdd5]).
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Fig. (19))


        SDS anion surfactant-functionalized graphene modified carbon paste electrode surface for determination of Itraconazole drug (© The Electrochemical Society-Permission of IOP Publishing, [DOI: 10.1149/1945-7111/abbdd5]).
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Fig. (20))


        A) Scheme represents the proposed electrode reaction mechanism of Itraconazole at carbon past electrode and B) SW-AdAS voltammograms at SDS-GR/CPE for various concentrations of Itraconazole in spiked human plasma: (a) 5×10–9, (b) 5×10–8, (c) 1×10–7, (d) 2×10–7, (e) 3×10–7, (f) 5×10–7, (g) 7×10–7 and (h) 8×10–7 M in the universal buffer of pH 2, Eacc = –0.2 V, tacc = 10 s (© The Electrochemical Society-Permission of IOP Publishing, [DOI: 10.1149/1945-7111/abbdd5]).



        SDS-GR/CPE has also been favorably applied to analyze Itraconazole in its pharmaceutical product “Itrafungex capsules; 100 mg/Itraconazole” and in human plasma samples (e.g., Fig. 20B) [11]. Higher %R (98.94 – 99.82) and small RSD% (1.76 – 2.26) were obtained indicating the accuracy and precision of the proposed method for assay the Itraconazole in its formulation sample. It presents adequately LOD value (1.36×10−9 M) for detection of Itraconazole in plasma. This value was comparable to the LOD values of plasma concentration-time pharmacokinetic curve. The obtained values of %R (98.52 – 102.13), RSD% (1.58 – 2.48) and RE% (-0.23 – 2.13) of various concentrations of Itraconazole spiked in human plasma samples confirmed the accuracy and precision of the proposed method. Besides, SDS-GR/CPE avoids interference from important common substances in biological and pharmaceutical samples as well as some co-administrated drugs. Signal changes still below 5% in presence of 1400-fold of some metal ions (e.g., Fe2+, Cd2+, Mg2+, Zn2+, Pb2+ and Ca2+), 1000 fold of vitamins A and E, ketoprofen, Ketorolac, and ibuprofen, 800-fold of ascorbic acid and 600-fold of uric acid. The achieved %R and %RSD were (97.06%–98.00%) and (0.60%–1.02%) after 2 weeks storage of the proposed electrode. The fabricated sensor has desirable stability and reproducibility that can be used in routine quality control and pharmacokinetic study.


      




      

        Reduced Graphene Oxide




        Graphite oxide is a precursor for the inexpensive mass production of graphene oxide (GO) and reduced graphene oxide (rGO). Graphite oxide has layered structure similar to that of graphite, but its plane of C atoms is decorated by several oxygen-containing functional groups [9]. If the exfoliated sheets of graphite oxide contain only one or even few layers of carbon atoms like graphene, these sheets are donated graphene oxide (GO), (Fig. 21). GO nanosheets can be produced by treating graphite with strong acids using Hummers’ method [62].
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Fig. (21))


        Graphical scheme for synthesis of graphene oxide and reduced graphene oxide from precursor graphite oxide.



        Graphene oxide (GO) can be partly reduced chemically, thermally or electrochemically [63-65] to GR-like sheets (more precisely named reduced graphene oxide (rGO)) (Fig. 21), which has a partially restored sp2 lattice and also containing oxygen-bearing groups [9, 55]. GO films reduced via chemical methods typically use highly toxic substances [63]. It is well also known that microwave irradiation method elicited as a green alternative source for speedy heating, increasing reaction rate, decreasing reaction time and offering good yield as compared to the classical synthesis methods.




        With this respect, a direct “green microwave irradiation” method was applied for only 30 s for synthesis of rGO nanosheets by simultaneous exfoliation and reduction of as-prepared graphite oxide in the absence of any hazard reducing, chemical activating or intercalation agents [9]. Compared to graphite which appears as a large thick dark flakes and its edge showed several layers (Fig. 22A), TEM image of rGO exhibited a transparent few-layered structure with a typical wrinkled and crumpled GR structure, (Fig. 22B). The silk-like parts and the restacked parts can also be seen in Fig. (22B). A number of graphene layers of 3.0 and interlayer spacing of 0.38 nm were calculated from XRD pattern of rGO, [Fig. (22C); curve b].
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Fig. (22))


        A) TEM image of graphite, B) TEM image of reduced graphene oxide, C) XRD for a) graphite oxide and b) reduced graphene oxide and D) Nyquist plots of the EIS for the (a) bare CPE and (b) 0.4% (w/w) GR/CPE in 0.1 M KCl containing 1×10─3 M K4Fe(CN)6. Inset: is the corresponding equivalent circuit (© The Electrochemical Society-Permission of IOP Publishing, [DOI: 10.1149/2.0391814jes]).



        Reduced graphene oxide modified carbon pste electrode (rGO/CPE) as an electrochemical sensor has been employed for detection of a potent antibacterial and antifungal agent; Chloroxylenol in its formulations as well as in tap and underground waters. A charge transfer resistance (RCT) of 4000 Ω was achieved for 0.4% (w/w) rGO/CPE while it is found to be 7560 Ω for bare CPE revealing the fast electron transfer at rGO/CPE, (Fig. 22D). Morphology of 0.4% (w/w) rGO/CPE also reflects its highest surface area, (Fig. 23). This sensor exhibited LOD of 1.37×10−9 M in bulk form. R% values (98.00 − 102.29) and RE% (-2.00− 2.29) indicate the accuracy of the method. The estimated RSD% values (0.53–1.08%) were highly precise. The average (R±RSD%) value of Chloroxylenol in real samples “Rosa Clean Lotion” is (98.78±1.02%) and in “Dettol Antiseptic Liquid” is (102.50 ± 1.11%) using 0.4%(w/w) GR/CPE. The RSD values were less than 2%, giving good evidence for the validity of the method.
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Fig. (23))


        SEM images for CPE with various percentages of GR: A) bare CPE, B) 0.4%, C) 1% and D) 2.5% (w/w) GR/CPE (© The Electrochemical Society-Permission of IOP Publishing, DOI: 10.1149/2.0391814jes]).

      




      

        Metal-oxide-doped Reduced Graphene Oxide Composites




        The agglomeration of nano-sized carbon is one of the primary obstacles that limit the applications of GR or rGO due to the effects of π-π adhesion and van der Waals interactions (which may cause restacking of graphene sheets to form graphite). Surface modification can be introduced to reduce agglomeration and allow the implementation of the inherent properties of graphene [45]. Introduction of metal oxide NPs (MONPs) onto GO or rGO sheets prevents them from undergoing restacking and provides an innovative way for developing advanced composite materials that are useful in a myriad of applications. Recently, various metal-oxide-doped rGO composites have been widely used in electrochemical devices and electrocatalysis.




        Zirconium oxide nanoparticles (ZrO2 NPs) show excellent properties including thermal stability, nontoxicity, wide band gap and good electrical and surface properties [66]. Therefore, dedicated extensive efforts have been giving to synthesize ZrO2 decorated on rGO sheets. For example, the detection of an anticancer drug (Regorafenib) was demonstrated based on a zirconia-nanoparticle- decorated reduced graphene oxide composite (ZrO2/rGO) [66]. Reduction of the GO supports of the Zr2+ ions with hydrazine hydrate exhibited an excellent electrocatalytic response of the nanostructure ZrO2/rGO-based electrochemical sensor. The (ZrO2/rGO)/GCE showed a linear response in the dynamic range of (11−343 nM) with lower LOD of 17 nM. It was also used for the determination of Regorafenib in both pharmaceutical formulations and serum samples with satisfactory results. (Pt/ZrO2-rGO)/GCE was used for simultaneous determination of Catechol and Hydroquinone [67].




        Magnetic Fe3O4 NPs has been considered one of the most promising electrode materials because of its elegant properties involving excellent magnetic, electrical and catalytic properties, low toxicity, great biocompatibility, extremely small size and high surface-area-to-volume ratio [68]. Fe3O4 has a broad potential electrochemical window up to 1.2 V, which is conducive to improve the energy density. Fe3O4 with oxygen forming face centred cubic has a cubic inverse spinal structure and in the interstitial tetrahedral sites and octahedral sites are occupied by iron (Fe) cations. At the room temperature, Fe+2 and Fe+3 ions flip between themselves in the octahedral sites giving rise to a class called half-metallic materials [69]. Fe3O4 NPs can therefore effective acceleration agents for electron transfer between electrode and detection molecules.




        Recently, growing efforts have also been pointed toward tailoring the properties of magnetite–graphene [Fe3O4-GR] based nanocomposites for promoting more efficient electrochemical sensors [70]. The large surface area of GR as well as uniformly distributed active sites of nanoparticles makes this structure appropriate for sensing applications. For example, Fe3O4/rGO composite exhibited high specific surface area, and its morphology consists of very fine spherical particles in nanoscales [71]. So, it was used as an electrode modifier for the determination of Paracetamol by DPV. A LOD value (0.72×10−6 M) was achieved. This sensor was applied to the real samples with satisfactory results.




        Recently, a very simple and economic viable setup for synthesis of Fe3O4 NPs and [Fe3O4-GR] plateform was used [2]. Fe3O4 NPs synthesis is based on a reduction-precipitation method utilizing FeCl3 as a starting-material, which was partially reduced to FeCl2 by Na2SO3 before alkalinizing with ammonia. Then, Fe3O4 NPs supported on GR was simply synthesized using Ex situ method in 0.5 M DMF (pH 6.7) which based on electrostatic interaction as the main driving force for self-assembling Fe3O4 NPs on GR sheets, (Fig. 24).
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Fig. (24))


        The possible pathways of interaction between Fe3O4 NPs and GR (© The Electrochemical Society-Permission of IOP Publishing, [DOI: 10.1149/1945-7111/ab8366]).



        Fe3O4 NPs and [Fe3O4-GR] nanocomposites were characterized using XRD, TEM, SEM, FTIR, vibrating sample magnetometer (VSM) and Brunauer-Emmett –Teller (BET) surface area measurements (Figs. 25 and 26). XRD and FTIR confirm the formation of the Fe3O4-GR composite (Figs. 25A and 25B). The average particles size was found to be 16 nm. The values of saturation magnetization Fe3O4 NPs and [Fe3O4-GR] were found to be 61.50 and 30 emu/g, respectively, (Fig. 25C). TEM images reveal that the GR nanosheets are decorated by Fe3O4 NPs, (Fig. 26).
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Fig. (25))


        A) XRD of synthesized [Fe3O4-GR] nanocomposite, B) FTIR spectra of synthesized Fe3O4 NPs and [Fe3O4-GR] nanocomposite and C) Magnetic hysteresis loops of Fe3O4 NPs and Fe3O4-GR composite (© The Electrochemical Society-Permission of IOP Publishing, [DOI: 10.1149/1945-7111/ab8366]).
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Fig. (26))


        TEM images: (a) and (b) synthesized Fe3O4 NPs at different magnification, (c) graphene and (d) synthesized Fe 3O4-GR nanocomposite (© The Electrochemical Society-Permission of IOP Publishing, [DOI: 10.1149/1945-7111/ab8366]).



        Electrochemical oxidation of Olanzapine drug at Fe3O4-GR/CPE takes places via 1e– transfer. The change in current with the scan rate is consistent with ErCirr mechanism (i.e., the anodic charge transfer is followed by a homogenous irreversible chemical reaction), as shown in Fig. (27). It was suggested that this chemical reaction may be attributed to radical–radical coupling reaction (dimer formation) and the whole mechanism of oxidation of Olanzapine was proposed as in Fig. (28) [2].
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Fig. (27))


        Cyclic voltammograms of 1x10-4 M Olanzapine recored in B-R buffer of pH = 5 at different scan rates for bare CPE (curve a) and 5%(w/w) Fe3O4-GR /CPE (curve b), (© The Electrochemical Society-Permission of IOP Publishing, [DOI: 10.1149/1945-7111/ab8366]).
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Fig. (28))


        Mechanism for the oxidation of Olanzapine at CPE (© The Electrochemical Society-Permission of IOP Publishing, [DOI: 10.1149/1945-7111/ab8366]).



        Fe3O4-GR/CPE was also applied for the determination of Olanzapine drug in its “Olazine® tablets” and in human plasma [2]. Higher %R (98.97– 100.17) and small %RSD (0.77 - 1.05) were obtained revealing the accuracy and precision of the proposed method for assay the Olanzapine in real sample. The LOD of Olanzapine in spiked human plasma sample was found to be 7.29×10–11 M. Olanzapine can detected in plasma in presence of 1000–1200-fold of Na+, K+, Ca2+, Mg2+, Zn2+, Cu2+, Fe3+ metal ions, 950–1050-fold of vitamins C and E, paracatmol, aspirin, and ibuprofen administrated drugs and 1100–1300-fold of some excipients that are ordinarily exist in its formulation (e.g., glucose, sucrose, starch, gelatin, lactose). This assay in biological fluids such as human plasma samples has been considered as a useful indicator of the therapeutic dose level for pharmacokinetic studies as well as therapeutic drug monitoring


      




      

        Heteroatom-doped Graphene as Sensing Material




        Graphene derivatives doped with heteroatoms are highly promising materials for applications in fuel cells, energy storage, electrocatalysis, sensing, etc. Chemical doping is usually of two types [72]. The first one, known as surface transfer doping, is the adsorption of foreign agents onto the surface of GR (which do not cause sp3 defects in the GR cross-section). The second type, known as substitutional doping, is the disruption of the sp2 network by foreign agents (which create sp3 defect regions through covalent bonding with GR). The chemical doping of heteroatoms such as nitrogen (N), boron (B), phosphorus (P), silicon (Si), sulfur (S), fluorine (F), chlorine (Cl), bromine (Br) and iodine (I) into GR will cause structural and electronic alterations. This lead to modification in the properties of GR (such as Fermi level, bandgap, localized electronic state, charge transport, spin density, optical characteristics, thermal stability and magnetic properties). The chemically active sites induced by doped heteroatoms are favourable for the adsorption, anchoring of functional moieties or molecules, and accelerating the charge transfer between analyte and electrode [73].




        Recently, a novel electrochemical sensor was designed for the detection of of Flunitrazepam. It based on electropolymerized b-cyclodextrin (EbCD)/boron-doped reduced graphene oxide (B–rGO) composite on GCE. DPV confirmed two linear ranges of Flunitrazepam between (2.0 nM - 0.5 µM) and (0.5 µM - 20.0 µM) with LOD of 0.6 nM [74].




        Electrochemical sensors based on nitrogen-doped graphene sheets (NGS) were used as anticancer drug sensors. NGS doped in 1-methyl-3-octylimidazolium chloride (MOICl) was used for simultaneous determination of anticancer agent’s Doxorubicin and Topotecan. The LOD of NGS/MOICl/CPE for them was found to be as 3.1 nM and 0.27 µM, respectively [75].




        An effective electrochemical sensor based on chlorine-doped reduced GO (Cl–rGO) was established [76] for the detection of Chloramphenicol (CAP), a veterinary drug in milk, water, calf plasma and pharmaceutical samples. The sensor showed a linear relation between current intensity and CAP concentration over a range of (2 - 35 µM), with LOD of 1 µM.




        Phosphorus-doped graphene-based sensor was used for the detection of Acetaminophen in pharmaceuticals as real samples [77]. An extraordinary electrocatalytic activity was shown by a P– rGO-coated GCE. Low LOD (0.36 µM) and wide linear range (1.5 - 120 µM) for Acetaminophen were exhibited by this sensor.


      




      

        Hybrid Material Based on Mesoporous Silica and Graphene




        Presently, silica, including mesoporous silica (SiO2) is vastly used as a substrate for the development of electrochemical sensors. This can be attributed to its characteristic high surface area, chemical and thermal resistance, good chemical stability, easy modification, low cytotoxicity, and the presence of reactive silanol groups (Si–OH) and pores with diameters of 2 to 50 nm. Therefore, the mass transfer process is favoured by its mesoporous structure, providing electrochemical sensors with high sensitivity and low detection limits [78]. Hybrid materials based on the mesoporous silica / graphene combination




        (SiO2/GR) have attracted the attention because of the possibility of integrating the main features of silica and carbon-based materials in a single material, (Fig. 29).
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Fig. (29))


        The properties, structures and the applications of silica-graphene composite.



        SiO2/GR nanocomposites could be prepared via the noncovalent bonding between GO and silica. GO contains (-COOH), (-OH) and epoxy (-O(C)O-) on the surface, thus making it electronegative and allowing its combination with positively charged amino-modified silica into composites via electrostatic interaction [79]. Further, several -OH groups on the SiO2 surface can be easily reacted with the functional groups on the GO surface. The SiO2/GR composites can also be fabricated via covalent bonding between GO and silica by removing a molecule of water to form amide bond (-CO-NH-), silicone ester bond (-COOSi-), and carboxysilicon (-C-O-Si-). The morphology of the composites indicates that the fabrication strategy contains three categories [78]: Growing silica films on GR sheets in situ to form sandwich structures, grafting silica spheres on GR sheets and coating/ wrapping GR sheets on silica sphere, (Fig. 29). Designing different SiO2/GR composite materials is vital for its electrochemical application.




        For example, a hybrid material of (SiO2/GO) and decorated with AgNPs of a size of > 20 nm, was prepared and characterized [80]. A GCE modified with (AgNPs/SiO2/GO) was used as an electrochemical sensor for the simultaneous determination of Epinephrine and Dopamine using SWV method. Well-separated reduction peaks were observed with no significant interference from uric and ascorbic acid. (AgNP/SiO2/GO)/GCE is highly sensitive for the simultaneous determination of Epinephrine and Dopamine, with LODs being 0.26 and 0.27 µM, respectively. It is also used to detect them in human urine samples.




        Further, the synergistic effect of GO and SiO2 NPs has been used to modify GCE for the determination of Gallic acid [81]. DPV indicated that the nano-GO-SiO2-GCE was sensitive in a concentration range of 6.25×10−6-1.0×10−3 M with a LOD of 2.09×10−6 M. It was also successfully utilized for the determination of anti-carcinogenic Gallic acid in white wine, red wine and juice samples.




        The functional nanocomposites (F-SiO2/GO) obtained by surface functionalization with NH2 group were subsequently employed as a support for loading AgNPs to synthesize AgNPs-decorated F-SiO2/GO nanosheets (AgNPs/F-SiO2/GO) [82]. AgNPs/F-SiO2/GO exhibits remarkable catalytic performance for H2O2 reduction. This sensor has a fast amperometric response, linear range from (1×10−4 - 0.26 M) and LOD of 4 μM. Also, a glucose biosensor was prepared by immobilizing glucose oxidase enzyme (GOD) into AgNPs/F-SiO2/GO nanocomposite-modified GCE for glucose detection in human blood serum.


      




      

        Activated Charcoal in Sensors




        As discussed recently by our research group [4], activated charcoal (ACH) holds great promise for sensing applications that it can be promising used as an alternative material of graphene. The term ACH defines a group of natural materials with highly developed internal surface area and porosity, and consequently a large capacity for adsorbing various chemicals [83]. According to IUPAC, charcoal is a traditional term for a char obtained from wood, peat, coal and some other related natural organic materials. However; the precise structure of ACH has yet to be fully understood because of its heterogeneity and complexity. Although GR, CNTs or rGO are extensively used as signal amplifier materials in the electrochemical sensors, the fully characterization of ACH [4] will open up a new application of ACH in electroanalytical chemistry that it can be used as an alternative GR. This is due to its low cost, non toxic, natural carbon material, extensive sources, nano and few layer structure, edge-plane-like defective sites, porous structure, high surface area and few oxygenated functional groups.




        EDX spectrum of the ACH (Fig. 30A) shows only C and O with relative composition of 95.84 and 4.16%, respectively. Comared to graphit, the Raman spectrum of the ACH shows a typical spectroscopic profile (turbostratic structure) [84] of charred and coal materials, (Fig. 30B). It shows a band at ≈1592 cm-1 (G-band) assigned to in-plane stretching motions of carbon sp2 atoms originated in the crystalline carbon of the graphite and another band at ≈1333 cm-1 (D-band) assigned to carbons with sp3 configuration. The D-band represents discontinuities in crystallites [84, 85] and disordered carbon configurations arising from defects in the lattice (mainly edges in graphene-like structures) [85]. So, it was assumed that ACH contains two types of carbon structures, viz., crystalline carbon (condensed aromatic rings) and amorphous carbon (refers to any non-aromatic carbon which is grafted on the edges of crystallites) [86]. The edge plane like defective sites may provide many active sites for electron transfer to electro-active substances [84, 85]. The fully Raman spectrum of ACH may also be similar to that shown for rGO due to broaden of D band compared to G band [85]. XRD pattern of the ACH is consistent with the suggested structures of coal, activated carbon [86, 87] and rGO [88]. Compared to XRD of graphite (Fig. 30C), ACH exhibited two broad peaks at 2Ѳ of 24o and 43.32o corresponding to the (002) and (100) planes, respectively, (Fig. 30C); inset). The asymmetrical and broad nature of (002) band at 24o indicates the existence of amorphous carbon (i.e., aliphatic side chains on the edges of the crystallites of ACH) [86, 87]. However, the sharp peak at 26.50o is related to the (002) graphitic plane (graphitic crystalline structure). This peak indirectly confirms the presence of in-plane conductivity in ACH which required for electrochemical applications. Therefore, ACH has partially graphitic structure (i.e., intermediate structures between graphite and amorphous state called turbostratic structure) [86, 87].




        Table 1 shows crystallite dimensional of ACH. Its interplanar distances (d200 and d001) are very similar to the reported data of coal, activated carbon, rGO [87]. d200 of ACH (3.70 Å) is higher than the typical graphitic dimensions of (3.35 Å). Lc crystallite size of ACH is much smaller than that for graphite [86].
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Fig. (30))


        A) EDX and B) Raman spectrum of activated charcoal (Inset; spectrum of graphite), C) XRD patterns of graphite (Inset; activated charcoal) and D) FTIR of activated charcoal (© The Electrochemical Society-Permission of IOP Publishing, [DOI: 10.1149/1945-7111/ab9e86]).



        

          Table 1 The crystallite dimensional parameters and number of layers of activated charcoal (at the angular values of 24° and 43.32°) compared to graphite (at the angular value of 26.56°) (© The Electrochemical Society-Permission of IOP Publishing, [DOI: 10.1149/1945-7111/ab9e86]).
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        This confirms the disturbance of graphitic stacked ordering of the ACH or presence of graphene planes which stacked turbostraticaly [87]. The smaller value of crystallite diameter (La) of ACH is also consistent with the smaller size of coal crystallites [87]. This may be due to the constraints imposed by side chains, which prevent the adjacent crystallites from merging together during carbonization and/or activation processes [86]. It is also found that ACH crystallites consist of 3–8 aromatic layers on average. This small number of stacked layers of ACH referred to graphene nano-platelets. The FTIR spectroscopy provides that ACH sample consists of well-known carbonaceous bands of aromatic and aliphatic structures with few oxygenated functional groups representing in bands at 1119 cm-1 (assigned to the C-O stretching vibration) and at 3470 cm-1 (assigned to O–H stretching vibrations of OH- groups or due to chemisorbed water), Fig. (30D).




        SEM images of the ACH (Fig. 31) clearly show its porous structure with lots of edge-plane-like defective sites which increase the surface area and may also provide many active sites for electro-active compounds. The BET surface area and pore volume are (630.43±13.79) m2/g and 0.20 cm3/g, respectively. The mesopores structure of ACH may provide more reactive sites and better penetration of the electroactive species into the whole electrode materials.
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Fig. (31))


        SEM images of the activated charcoal of porous structure with cracks and crevices of different sizes (as marked by red arrow) and edge-plane-like defective sites (as marked by yellow arrow), (© The Electrochemical Society-Permission of IOP Publishing, [DOI: 10.1149/1945-7111/ab9e86]).



        Furthermore, the performance of the modified CPE at various %compositions of ACH in comparison with GR was examined towards electrochemical sensing of chronic hepatitis C virus inhibitor Ledipasvir using square-wave adsorptive anodic stripping voltammetry (SW-AdASV) [4]. About two-fold enhancement of the current value for 1%(w/w) ACH/CPE (18.4 µA; Curve a) compared to unmodified CPE (9.6 µA) and even to various % composition of graphene, (curve b) was observed (Fig. 32A).




        Therefore, ACH will be a good alternative material for GR and an excellent model for constructing a promising electrochemical sensing platform in the future. The number of electron transfer for oxidation process is found to be 2e- and the reaction mechanism of Ledipasvir at the ACH/CPE was suggested as shown in Fig. (33). It involves the oxidation of each of the imidazole rings to the corresponding radical.
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Fig. (32))


        Effect of % composition of: A) the carbonaceous materials [a) activated charcoal and b) graphene] and B): NiO NFs. C): SW-AdAS voltammograms recorded for 1.0×10-6 M Ledipasvir at Eacc = -0.2 V for 15s (pH = 2) at: a) bare CPE, b) 1%(w/w) ACH/CPE, c) 2%(w/w) NiO NFs/CPE and d) [2%(w/w) NiO NFs- 1%(w/w) ACH]/CPE; (Inset: Effect of % composition of NiO NFs: 1% (w/w) ACH in carbon past matrix), (© The Electrochemical Society-Permission of IOP Publishing, [DOI: 10.1149/1945-7111/ab9e86]).
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Fig. (33))


        Electrode reaction mechanism of Ledipasvir at modified CPE (© The Electrochemical Society-Permission of IOP Publishing, [DOI: 10.1149/1945-7111/ab9e86]).



        Another new electrochemical sensor based on NiO nano-flakes (NiO NFs) and ACH was constructed [4]. Among bare CPE, ACH/CPE, NiO NFs/CPE and [NiO NFs–ACH]/CPE, the electrochemical properties of [2% (w/w) NiO NFs – 2% (w/w) ACH] nanocomposite were superior to the individual ACH and NiO NFs as platforms, (Fig. 32B and C). [NiO NFs–ACH]/CPE was then applied for determination of Ledipasvir in human plasma samples with wide linear range of (3 nM - 1.5 μM) and very low LOD value of (0.55 nM), (Fig. 34A). Upon storing the developed [NiO NFs – ACH]/CPE for 3 weeks, the deviation in peak current (ip) was 1.35 to 2.30% and in Ep was < 0.01 V revealing its perfect stability. Besides, reasonable %R and %RSD values of (97.88 - 99.22%) and (1.69 - 2.47%) were got, respectively, for 3 assays of Ledipasvir utilizing set of the developed [NiO NFs – ACH]/CPEs indicates their good repeatability and reproducibility.




        There are also negligible interferences on quantification of Ledipasvir in real samples from several foreign species such as its co-formulated drug (Sofosbuvir), excipients (gelatin, starch, sucrose and glucose), some co-administered drugs (paracetamol and ibuprofen) and common metal ions (Zn2+, Cu2+, Mg2+, Co2+, Ca2+ and Fe3+). Although vitamin C is electroactive under the applied potential range, its peak at peak potential (Ep = 0.48 V) was well potentially separated from that of Ledipasvir (Ep = 1.0 V), (Fig. 34B). The current of 1.2×10-6 M Ledipasvir was not influenced by addition of 585 fold of vitamin C indicating the reliability of the developed sensor for trace assay of Ledipasvir in human plasma samples.
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Fig. (34))


        A): SW-AdAS voltammograms recorded for various concentrations of Ledipasvir spiked in human plasma: a) 5×10-9, b) 1×10-8, c) 6×10-8, d) 1×10-7, e) 2.5×10-7, f) 5×10-7, g) 7×10-7, h) 1×10-6, i) 1.2×10-6 and j) 1.5×10-6 M and its calibration plot; (Dotted line is the blank). B): SW-AdAS voltammograms recorded for various concentrations of Ascorbic acid: a) 1×10-4, b) 3×10-4, c) 5×10-4, d) 7×10-4 at constant concentration (1.2×10-6 M) of Ledipasvir spiked in human plasma (at pH 2, Eacc= -0.2 V, tacc = 15 s, f = 60, ΔEs = 10 mV and a = 25 mV) at [2% (w/w) NiO NFs – 2% (w/w) ACH]/ CPE), (© The Electrochemical Society-Permission of IOP Publishing, [DOI: 10.1149/1945-7111/ab9e86]).

      




      

        Metal–organic Frameworks Based Nanosensors




        Generally, metal-organic frameworks (MOFs) are chemical systems comprising organic molecules coordinated to metal ions or clusters to form 1-, 2-, or 3-D structural arrangement (e.g., Fig. 35)). Such open frameworks show exceptional feature of permanent porosity, pore volume, stable framework, and high surface area and bear also the ability to systematically vary and functionalize their pore structure. The organic units (linkers/bridging ligands) consist of carboxylates, or anions, such as phosphonate, sulfonate, and heterocyclic compounds. MOFs geometry is determined by the coordination geometry of the metal ions, coordination number and the nature of the functional groups. Based on the nature of the system used, discrete-closed oligomeric or infinite-extended polymeric structures can arise [89, 90].
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Fig. (35))


        Generalized scheme for metal-organic framework construction.



        The application of MOFs as an electrode surface modifier was reported in some electrochemical sensors because of the MOFs’ high surface areas, uncharged active sites, various pore sizes, and specific adsorption affinity [89, 90]. These materials can be considered as a bridge between organic chemistry and inorganic chemistry, which owes their flexibility to the organic ligand and their regular crystalline structure due to the metal ions.




        Although the inherent micropores in MOFs (pore sizes below 2 nm) [91] are desirable for reactions due to their strong affinity for guest molecules, but they can also hinder the mass transfer and fast diffusion of reactants or products, especially large molecules which therefore limits their application. To solve the diffusion and accessibility problems that guest species face in conventional MOFs with micropores, hierarchical porous MOF materials (HP-MOFs; MOFs with micro- and mesopores, or MOFs with micro-, meso-, and macropores) with tunable porosity, such as copper benzenetricarboxylic acid (Cu–BTC) [92], zeolitic imidazolate framework (ZIF-8) [93] and zinc(II) 2,5-dihydroxy-1,4-benzenedicarboxylate (Zn–MOF-74) have been successfully synthesized [94].




        Several MOF-based electrochemical functional frameworks with good electrocatalytic activities have also been reported in the electroanalysis [95-103]. For example, MOF as a porous matrix to encapsulate Cu nanoparticles (NPs) was applied for nonenzymatic glucose sensing in alkaline media. The hybrid of Cu NPs encapsulated in ZIF-8 (Cu-in-ZIF-8) was further modified onto screen-printed electrodes for nonenzymatic sensing of glucose in alkaline medium [95].




        Cu-MOF-SWCNT modified electrode offers very promising results for simultaneous detection of Hydroquinone (HQ) and Catechol (CT) with respect to the extended linear ranges and lower LODs [96]. The composite electrode exhibited an excellent electrocatalytic activity towards the oxidation of HQ and CT. The linear ranges were from (0.10 - 1453 μM) for HQ and (0.1-1150 μM) for CT. LODs were as low as 0.08 and 0.10 μM, respectively. The analytical performance of such sensor for the simultaneous detection of HQ and CT had been evaluated in practical samples with satisfying results.




        Cu-, Co- and Cr-based MOFs as modifiers were used in some electro-chemical sensors due to their electrocatalytic performances [97, 98]. The combination of carbon nanomaterials with MOFs (CdS quantum dots-encapsulated metal-organic frameworks) [99], cerium metal-organic frameworks [100]) and self-immobilization with biomolecules [101] are different ways that MOFs can be used in the modification of electrodes.




        For example, Zn-MOF; [Zn4(1,4-BDC)4(BPDA)4]5DMF3H2O, was synthesized from a mixture of BPDA (bis-(4-pyridinyl)-1,4-benzene dicarboxamide), NH2BDC (2-amino-1,4-benzene dicarboxylic acid), ZnCl2, water and DMF [12]. Zn-based MOF catalyzed the oxidation of Fentanyl (a potent analgesic and narcotic drug) on the screen-printed carbon electrode. It showed a LOD value of 0.3 µM in the concentration range of (1–100 µM) in an aqueous solution. It was also used to determine the low levels of Fentanyl in urine and plasma as the real samples. R% values were in the range of (99.00–104.00%), indicating satisfactory accuracy values and low matrix effect and the applicability of the Zn-MOF/ SPCE in real samples.




        One of the most interesting MOFs for practical application is [Cu3(BTC)2] MOF (BTC = 1,3,5 benzentricarboxilate) that is known as HKUST-1. The HKUST-1 metal-organic framework-carbon nanofiber composite (HKUST-CNF) electrode has been prepared by film casting method and characterized morphologically and electrically. This electrode was tested for selective detection of Ibuprofen (IBP) and/or Diclofenac (DCF) simultaneously [102]. The DCF and IBP oxidation process occurred at +0.75 V and +1.25 V vs. SCE, respectively. The stability of the electrode was investigated by cyclic voltammetry at the time intervals of 10, 20, and 30 days and the peak currents were changed by 1.5% and 2.1% for DCF and IBP, respectively, indicating high stability of the electrode. The reproducibility was tested for 3 replicates and RSD of 2.5% for IBP and 2.6% for DCF showed good reproducibility. The analysis of DCF and IBP in water exhibited R% of 99.5% for DCF and 99.0% IBP, and RSD% of 2.8% for IBP and 3.5% for DCF, indicating adequate precision and accuracy of this method. The HKUST-CNF electrode exhibited good stability and reproducibility for selective detect such drugs.




        A voltammetric sensor was developed using a ZIF-8 derived nitrogen-doped porous carbon and nitrogen-doped graphene nanocomposite modified GCE for the simultaneous determination of Dopamine (DA), Uric acid (UA) and Ascrobic acid (AA) [103]. The sensor demonstrated a linear plot of (0.01–15.0 μM) for AA, (0.08–350.0 μM) for DA, and (0.5–100.0 μM) for UA, with LODs of 1.99 μM, 0.011 μM and 0.088 μM, respectively. The established sensor was applied for their determination in real urine samples.


      




      

        Polymer-based Nanosensors




        The nanostructure conductive polymers are among the most commonly used nanomaterials to modify electrode surfaces owing to their essential role in enhancing the electrocatalytic activity and sensitivity, protecting the electrode surface and reducing its fouling. Conducting polymers have been successfully applied in chemical sensing, biosensing, gas sensing, super-capacitors, etc. due to their unique electronic properties. The nanostructure polyaniline (PANI), polypyrrole (Ppy), poly-(3,4-ethylenedioxythiophene (PEDOT), (Fig. 36) and their functionalized derivatives have been studied intensely for sensing and biosensing applications because of their intrinsic conductivity [1].
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Fig. (36))


        Chemical structure of some conducing polymers.



        Because of the delocalization of π-bonded electrons over polymeric backbone, the conducting polymers exhibit unique electronic properties (such as low ionization potentials and high electron affinities) [104]. Owing to excellent electronic conductivity, operability and low cost, conducting polymers are considered to be one of the most attractive materials to modify the electrode surface. The electrode modification can be done either by direct electro-polymerization of the monomer or by simple adsorption of the polymer onto the surface of the working electrodes. Such organic polymers are characterized by an alternating single (σ) and double (π) bonds and by the presence of π electrons delocalized across their entire conjugated structure; polymers can be easily oxidized or reduced. This doping, that can be performed upon oxidation (p-doping) or reduction (n-doping), increases their conductivity significantly (this conductivity can vary from < 10-6 S/cm in the neutral state to > 105 S/cm in the doped state) [104].




        Further, polymer nanocomposites have improved electrochemical properties and can be used as transducers in the development of electrochemical sensors and biosensors. Polyaniline (PANI) is a very excellent material for sensing applications because of its high conductivity and redox reversibility character. In the following, several examples are shown that illustrate analysis of some drugs employing many nanocomposites based- conducting polymer.




        A novel composite for electrochemical determination of Tramadol was proposed by inclusion of a metallocene mediator (e.g., ferrocene carboxylic acid) between two layers of conducting poly(3,4-ethylenedioxythiophene) (PEDOT) polymer [105]. In the presence of SDS, an enhancement of the accumulation of Tramadol at the interface was observed which leads to faster electron transfer. The practical application of the proposed composite for the determination of Tramadol in real urine and serum samples was successfully achieved with adequate recovery results. Very low LOD values of (18.6 nM) and (16 nM) and very wide linear dynamic ranges of (7–300 µM) and (5–280 µM) were obtained in urine and serum samples, respectively. The simultaneous determination of Tramadol with common interfering species, paracetamol, morphine, dopamine, ascorbic and uric acids showed good resolution. The good stability of the electrode and high reproducibility, sensitivity, selectivity, anti-interference ability enhanced its application in the determination of other narcotic drugs.




        Electrochemical determination of Paracetamol using PEDOT {Poly-(3,4-ethylenedioxythiophene)} modified electrode prepared by electropolymerization on SPE was also investigated [106]. An irreversible oxidation peak is noticed at the bare SPE at +0.65 V which shifted to +0.54 V at the electrochemically pretreated SPE. Oxidation of Paracetamol at GCE is irreversible, involving 2e– and 2H+ transfer process to produce the unstable, oxidized product N-acetyl-p-quinoneimine. The hydrolysis of this product is responsible for the disappearing of cathodic wave in cyclic voltammograms. The achieved LOD values were 3.71, 1.39 and 0.16 μM, using CV, DPV and flow-injection amperometry respectively. The RSD is 1.81, 0.57, 0.36% for 3 runs of 40, 200, 800 mM Paracetamol standards, respectively. A loss in the current signal of 10.30% was only observed after 20 days suggesting that the PEDOT film is highly stable and no loss of film during the detection. This sensor was also successfully implemented in the detection of Paracetamol in commercial tablet samples, with excellent recovery values (98.04 – 106.10%).




        Electro-polymerized Poly-4-amino-6-hydroxy-2-mercaptopyrimidine modified glassy carbon electrode (Poly-AHMP/GCE) has also been investigated for selective and simultaneous determination of Paracetamol and Dopamine [107]. Their anodic peak currents increased linearly within the concentration ranges 2.0–20.0 μM and 2.5–25 μM with correlation coefficients of 0.991 and 0.999, respectively. LOD values were found to be 0.20 and 0.15 μM, respectively by DPV. This electrode sensor was successfully utilized to determine Dopamine and Paracetamol in their injection and tablets samples




        Similarly, the detection of Serotonin in banana was performed by SWV at a SPCE modified with polypyrrole doped with green iron (III) oxide nanoparticles (SPCE-PPy-Fe3O4 NPs). This modified electrode demonstrated good electrocatalytic activity towards simultaneous detection of Serotonin and Ascorbic acid. Their oxidation peaks were observed at 0.1259 V and 0.1099 V, respectively. Electrodes were repeatedly scanned (12 scans) with an only current drop of ≈ 9.0% observed. Thus, this developed sensor succeeded in simultaneous detection of 100 mM Ascorbic acid and 0.1 mM Serotonin [108]. Moreover, detection of Serotonin in banana samples offers good R±RSD% (95.70±1.07 – 114.40±0.37).




        Based on the excellent properties of the polymer nanocomposites, they have been used in the development of other electrochemical sensors and biosensors for various analytes, some of which are also summarized in Table 2.




        

          Table 2 Sensors based on polymer Nanocomposites.




          

            

              

                	Polymer Nanocomposite



                	Analyte



                	LOD



                	Refs.

              


            



            

              

                	NiCo2O4-polyaniline (Ni Co2O4-PANI)



                	Glucose



                	0.38 μM



                	[109]

              




              

                	Graphene polyaniline nanocomposite- (GR–PANI-) modified glassy carbon electrode (GR-PANI-GCE)



                	4-Aminophenol



                	0.07 μM



                	[110]

              




              

                	Graphene-polyaniline-horseradish peroxidase (Gr-p-PANI-HRP)



                	Artesunate



                	0.012 ng/mL



                	[111]

              




              

                	Polyaniline and zirconia nanocomposite film (PANI-ZrO2)



                	Esomeprazole



                	97.21 ng/mL



                	[112]

              




              

                	Gold-polyaniline-graphene nanocomposites (Au-Grp-PANI)



                	Nitrite



                	0.01 μM



                	[113]

              




              

                	Graphene-polyaniline-Bi2O3 Grp-PANI- Bi2O3) composite



                	Etodolac



                	10.03 ng/mL



                	[114]

              




              

                	Zinc oxide nanoparticles intercalated into polypyrrole (ZnO NPs-PPy)



                	Xanthine



                	0.80 μM



                	[115]

              




              

                	Polypyrrole nanosheets decorated with platinum nanoparticles (PPy-Pt NPs)



                	Hydrogen peroxide



                	0.60 μM



                	[116]

              




              

                	Polypyrrole/graphene nanocomposite (PPy-Grp-GCE)



                	Adenine, guanine



                	0.02 μM,


                0.01 μM



                	[117]

              




              

                	Polypyrrole/graphene oxide nanosheets (PPy-GrpO)



                	Dopamine



                	73.30 nM



                	[118]

              




              

                	Praphene-poly(3,4-ethylenedioxythiophene) (graphene–PEDOT) nanocomposite film with ascorbate oxidase (AO) entrapped (Grp-PEDOT-AO)



                	Ascorbic acid



                	2.00 μM



                	[119]

              


            

          




        


      




      

        Molecularly Imprinted Polymers




        A new trend in the area of electrochemical sensors and biosensors concerns the applying of molecularly imprinted polymers (MIPs). MIPs-based sensor platforms have been used for a variety of target chemical and biological molecules. The imprinting of organic or biomolecules, including pharmaceuticals, amino acids, pesticides, peptides, steroids and sugars, even metal and other ions are well demonstrated to favor the selective organization of functional groups in the imprinting network.




        A variety of methods have been employed for the production of nanostructured MIPs (such as suspension, dispersion, precipitation and emulsion seeded polymerization). MIPs technology is used to synthesize highly crosslinked polymers capable of selective recognition. MIP is in creating selective recognition sites for the target molecule on the polymer matrix [120]. This approach practically stands on the molecular detection, identification, capturing, and/or recognition events occurring around the target molecule.




        As shown in Fig. (37), in MIP process, the target (template) molecule, crosslinker(s), functional monomers, initiator, and progenic solvent are used. Monomer polymerization takes place in the presence of this target molecule incorporated into the polymer matrix. The process begins with the dissolution of the target, crosslinker, functional monomer, and initiator in the respective solvent. Functional monomers having the ability to interact with the template molecules are preferred. A successful MIP and recognition require the formation of a stable target molecule-function monomer complex. After the monomers are placed around the target molecule, the position is fixed by co-polymerization of the crosslinked monomers (Functional monomers and crosslinkers are used for co-polymerization with the target molecule).




        
[image: ]


Fig. (37))


        Simple schematic presentation of the preparation of MIPs.



        The resulting polymer is a porous matrix with microcavities containing three-dimensional structure complementary to the target molecule. Thus, by removing the target molecules from the polymer by washing them with solvent, binding sites are formed which recognize the target molecule shape (i.e., when the template is removed, cavities remain which resemble the template in shape, size and surface chemistry. Since it fits into the cavity, the template will be incorporated preferentially). Consequently, polymers with high affinity and selectivity for the target molecule selectively recognize and bind the molecule [120].




        Several electrochemical sensors based on MIP were reported in literature. The formation of a MIP film on the surface of electrodeposited hollow nickel nanospheres (hNiNS) was reported [121]. This nanocomposite is utilized in an effective electrochemical sensor for Dopamine detection. The use of the 3D hNiNS as a support material enlarges the sensing area and conductivity, while the MIP film warrants improved selectivity for Dopamine. CV, EIS as well as SEM were employed to characterize the sensor materials. This sensor has fairly low LOD of 1.7×10−14 M, and superb selectivity.




        A 3D imprinted CNTs@Cu NPs hybrid nanostructure was applied to fabricate an electrochemical sensor to monitor a model veterinary drug, Chloramphenicol [13]. Cu NPs are deposited on CNTs and then a hybrid structure is formed by coating MIP on 3D CNTs@Cu NPs. SEM revealed the presence of Cu NPs (100–500 nm) anchored along the whole length of CNTs, topped with imprinted layer. This sensor exhibited sensitivity with LOD of 10 μM.




        MWCNTs coated with MIPs poly-(3-aminophenylboronic acid) (PAPBA) was prepared via potentiodynamic electropolymerization and utilized as an effective electrochemical material for Epinephrine detection [122]. Compared with MWCNTs or non-imprinted polymers PAPBA modified MWCNTs electrodes, the PAPBA(MIPs)/MWCNTs electrode exhibited a lower charge transfer resistance and enhanced electrochemical performance for Epinephrine detection. This is due to a large amount of specific imprinted cavities with boric acid group which can selectively adsorb Epinephrine molecules. This sensor could effectively recognize Epinephrine from many possible interferents within a linear range of 0.2-800  nM and low LOD of 35 nM. The detection of Epinephrine in human serum and real injection samples also gave satisfactory results.




        A poly(sulfosalicylic acid) film was electropolymerized on a Au electrode, which was modified by 2-mercaptobenzothiazole self-assembled monolayer and MWCNTs (PSSA/CNTs/MBT/Au) for determining Rutin [123]. The developed sensor displayed excellent electrocatalytic activity towards its oxidation due to the presence of the PSSA/MWCNTs nanocomposite (LOD = 1.8 nM). This electrode was also applied for Rutin determination in orange, red apple, red onion, strawberry, oat and salvia samples.




        Several other drug sensors based on MIP [124-132] are reported in Table 3. A sensor based on PANI/GO/GNU {an aniline MIP film and gold nano urchins (GNU) /graphene oxide}-modified GCE was designed for assaying Azithromycin [124]. Calycosin was determined using Polyaniline/graphene quantum dots (PANI /GQD) nanocomposite modified GCE [125]. 5-Fluorouracil (5-FU) was determined using Ag NPs polyaniline nanotube nanocomposite (AgNP@PANINT) modified pencil graphite [126]. Diclofenac was detected using PANI/reduced graphene oxide nanocomposite (PANI/rGO) [127]. Bezafibrate was determined based carbon nanofibers (CNF) /PANI/Pt NPs composite onto the CPE surface [128]. A binary nanocomposite composed of a copper tungstate (CuWO4) and PANI synthesized by chemical oxidative single step polymerization on the surface of a GCE was used to determine Quercetin [129]. Cefixime was determined utilizing Au nanowires/graphene oxide/electropolymerized MIP (PANI/GO/AuNW) [130]. Dexamethasone was detected using Fe3O4/PANI–CuII microsphere modified carbon ionic liquid electrode (Fe3O4/PANI–CuII/ CILE) [131]. Nifedipine was determined using ITO electrode modified with nano-hybrid uniformly distributed film composed of PANI NPs and carboxylic acid functionalized MWCNTs (MWNTs-COOH) via a layer-by-layer method [132].




        

          Table 3 Application of different molecularly imprinted polymer (MIP) electrochemical sensors in drug analysis.




          

            

              

                	Drug



                	Nanocomposite



                	Technique



                	Linear range



                	LOD



                	Refs.

              


            



            

              

                	Azithromycin



                	MIP/GNU/ GO



                	DPV



                	0.3 – 920 nM



                	0.10 nM



                	[124]

              




              

                	Calycosin



                	PANI/GQD



                	DPV



                	1.1×10-5–3.5×10-4 M



                	9.80 μM



                	[125]

              




              

                	5-Fluorouracil



                	AgNPs@PANINT



                	DPV



                	1.0 to 300.0 μM



                	0.06 μM



                	[126]

              




              

                	Diclofenace



                	PANI/rGO



                	CV



                	5 – 80 mg/mL



                	1.10 mg/ml



                	[127]

              




              

                	Bezafibrate



                	CNF /PANI/Pt NPs



                	DPV



                	0.025 – 100 mM



                	2.46 nM



                	[128]

              




              

                	Quercetin



                	CuWO4@PANI



                	DPV



                	0.001–0.500 μM



                	1.20 nM



                	[129]

              




              

                	Cefixime



                	PANI/GO/AuNW



                	DPV



                	20.0 – 950.0 nM



                	7.10 nM.



                	[130]

              




              

                	Dexamethasone



                	Fe3O4/PANI–CuII/ CILE



                	DPV



                	0.05 – 30 mM



                	3.00 nM



                	[131]

              




              

                	Nifedipine



                	MWNT-COOH/PANINP



                	CV



                	1.10×10–6–1.1×10–4 M



                	10.00 μM



                	[132]

              


            

          




        


      




      

        Green Synthesis of Nanoparticles




        Nanoparticles produced by green technology are far superior to those manufactured with chemical and even with physical methods. Green techniques eliminate the use of expensive chemicals, consume less energy, and generate environmentally benign products and byproducts [18]. The green synthesis of nanoparticles reflects a bottom-up approach. Some of the sensing and biosensing applications of green synthesis metal and metal oxide nanoparticles by biomass filtrate obtained from various biological systems such as bacteria, yeast, virus, actinomycetes, algae, fungi and plant extract [133-148] are given in Table 4.




        

          Table 4 Synthesis of some metal and metal oxide NPs from various biological species for sensing applications.




          

            

              

                	Reducing/Stabilizing agent



                	NPs



                	Size, nm



                	Morphology



                	Application



                	Refs.

              


            



            

              

                	Glucose



                	Ag NPs/GO



                	30-80



                	--



                	Electrochemical sensor



                	[133]

              




              

                	Bacteria

              




              

                	Bacillus megaterium D01



                	Au NPs



                	<2.5



                	spherical



                	Biosensing, Catalysis,



                	[134]

              




              

                	E. coli DH 5α



                	Au NPs



                	8-25



                	spherical



                	Biosensing



                	[135]

              




              

                	Bacillus subtilis



                	Se NPs



                	50–400



                	-



                	H2O2 sensoristic device



                	[136]

              




              

                	Virus

              




              

                	Bacteriophage



                	Au NPs



                	20–50



                	..



                	Biosensor electrode



                	[137]

              




              

                	M13 virus



                	Au-DNs



                	-



                	-



                	Biosensor platform



                	[138]

              




              

                	M13 virus



                	TiO2 NPs



                	20–40



                	-



                	Photo-electrochemical properties



                	[139]

              




              

                	Fungs

              




              

                	Verticillium luteoalbum



                	Au NPs



                	< 10



                	Triangular, hexagonal



                	Sensor, Optics, coatings



                	[140]

              




              

                	Sargassum muticum



                	Ag NPs



                	5-35



                	spherical



                	Sensors, biolabeling, drug delivery



                	[141]

              




              

                	Aspergillus terreus



                	ZnO NPs



                	8



                	spherical



                	Biosensing, Catalysis, drug delivery, molecular diagnostics, solar cell, optoelectronics, and imaging



                	[142]

              




              

                	Plant origin

              




              

                	Camellia sinensis (black tea leaf extracts)



                	Au, Ag NPs



                	20



                	spherrical, prism



                	Sensors, catalysts,



                	[143]

              




              

                	Ocimum sanctum (tulsi; leaf extract)



                	Au, Ag NPs



                	30 and 10–20



                	Crystalline, hexagonal, triangular, spherical



                	Biosensor, biolabeling,



                	[144]

              




              

                	Pear fruit extract



                	Au NPs



                	200-500



                	Triangular, hexagonal



                	Biosensor, Catalysis



                	[145]

              




              

                	Tanacetum vulgare (tansy fruit)



                	Au, Ag NPs



                	11, 12



                	Triangular, spherical



                	Sensor, Antibacterial



                	[146]

              




              

                	Onion extract



                	Ag NPs



                	6.0



                	mainly spherical



                	Electrochemical sensor



                	[147]

              




              

                	Piper betle leaves extract



                	Ag NPs



                	20



                	spherical



                	Electrochemical sensor



                	[148]

              


            

          




        




        Several reports have also appeared that metal NPs, such as gold, silver, silver–gold alloy, platinum, titanium, tellurium, zinc, copper, magnesium, selenium, palladium, zirconium, silica, quantum dots, and magnetite, can be biosynthesized by various microorganisms, especially fungi and bacteria [134-142, 149, 150]. However, the majority of plants have features as renewable and sustainable resources compared with enzymes or microbes. Plants have chemicals like antioxidants and biomolecules (like carbohydrates, proteins, and coenzyme) with exemplary potential to reduce metal salt into nanoparticles [143-148, 151-153]. Hence, plants with various reducing agents are favorable candidates for the manufacture of noble MNPs, (Table 4).




        As in Fig. (38), for NPs synthesis mediated by plant leaf extract, the extract is mixed with metal precursor solutions at different reaction conditions. The types of phytochemicals, phytochemical concentration, metal salt concentration, pH, and temperature) controlled the rate of nanoparticle formation as well as their yield and stability [154]. Plant leaf extract plays a dual role by acting as both reducing and stabilizing agents in nanoparticles synthesis process to facilitate NPs synthesis [153]. The main role of stabilizing the NPs is to prevent further growth and agglomeration. The main phytochemicals present in plants are flavones, terpenoids, sugars, ketones, aldehydes, carboxylic acids, phenol, and amides, which are responsible for bioreduction of NPs.




        However, when fungi are exposed to metal salts (such as AgNO3 or AuCl4-), they produce enzymes and metabolites to protect themself from unwanted foreign matters and in doing so, the metal ions are reduced to metal NPs. The fungi also produce anthraquinones and napthoquinones, which act as reducing agents. Thus, a specific enzyme can act on a specific metal [154]. Ag NPs possess large specific surface area as well as the ability of quick electron transfer and strong antibacterial activity, so they have been extremely applied in the preparation of biosensors and bactericidal agents.




        
[image: ]


Fig. (38))


        Biological synthesis of metal nanoparticles using plant extracts.



        With this respect, a nanocomposite based on (AgNPs/GO) was obtained through a green synthesis approach using glucose as a reducing and stabilizing agent [133]. AgNPs/GO was prepared by reducing Ag+ ions directly on GO with glucose. The AgNPs/GO/GCE exhibited higher activity for the electro-oxidation of Tryptophan drug than GO film with 10 fold enhancement of peak current. At AgNPs/GO/GCE, the currents were proportional to the concentrations over the range of (0.01 to 50.00 μM) with LOD was 2.0 nM. The proposed method is free of interference from tyrosine and other coexisting species.




        A high-quality method for one-pot biosynthesis of AgNPs using onion extracts as reductant and stabilizer was also reported [147]. AgNPs reduce charge transfer resistance. The effect of synthesized NPs on Ascorbic acid signal was investigated by SWV. The current increased linearly with its concentration in the range of (0.4 - 450.0) μM with LOD of 0.1 μM.




        The detection of nitrite (NO2-) and its compounds are substantial, owing to its extensive utilization as additives, therapeutics, fertilizers and polymer inhibitors and its widely used in food science, pharmaceutical, agriculture and rubber industry fields [155]. An environmentally benign method exploiting Piper betle biomass (dried leaves extract) as a reducing and stabilizing agent was exploited for the green preparation of Ag NPs [148]. The fabricated Ag NPs/GCE sensor exhibited a high electrocatalytic activity toward NO2- oxidation with a lower LOD of 0.05 μM.




        Besides, in the cases of the biometallic alloys Ag, Au, and Au/Ag, it was shown that polyphenols and polyols that carry antioxidant properties present in plants have an important role in the formation of such nanostructures [143]. Further, Quercetin; a flavonol with high antioxidant activity appeared as the main component in the formation of metallic nanostructures [156].




        The suggested reaction mechanism for the green synthesis of AgNPs due to the flavanoids in plant extract is shown in Fig. (39).




        
[image: ]


Fig. (39))


        Suggested reaction mechanism for the green synthesis of AgNPs due to the flavanoids in plant extract.



        Furthermore, Au NPs were synthesized with dicarboxylic acids (oxalic, malonic, succinic, glutaric, and adipic) as reducing agents of HAuCl4, without the presence of any other surfactant agents [157]. Additionally, pimelic dicarboxylic acid is used as a nucleating agent for the synthesis of TiO2 nanoparticles [158].
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