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Review Article
Importance of Developing Nanocomposite-based Electrochemical Sensor for Pharmaceutical Drugs

ABSTRACT 
	Advanced electrochemical sensors offer great opportunities to detect active pharmaceutical ingredients using interactions between nanomaterials and target analytes. Miniaturization of these sensors, wireless data transmission, and sensitivity are important research areas. The integration of quantum computing and artificial intelligence can provide significant improvements in areas such as electrochemical sensing, materials science, and nanofiber fabrication. These technologies enable personalized medicine that rapidly assesses drug efficacy and patient-specific responses, while also enabling the development of sustainable electronic systems and more efficient sensors. Research on artificial intelligence is also increasing in the pharmaceutical industry. This chapter explores the advantages and future promise of various technological applications of AI technology in drug design and development, which have varying effects. Furthermore, it offers potential in the medical field, particularly through rapid testing and the study of drug interactions using electrochemical sensor technology.
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1. INTRODUCTION 

In general, living systems function as complex molecular machines modulated by a multitude of dynamic biological processes. Since organisms are a living process or cycle, biomolecular assessments not only examine the events occurring at the molecular level but also help to complete the missing points in different clinical application areas (Kim et al., 2017; Konvalina et al., 2014). This advantage has led to the design of biosensors specifically designed to detect biological materials. The integration of biological substances that enable living organisms to perceive these stimuli with analysis systems has led to the creation of biosensors. These excellent mechanisms of living organisms are often modeled in the development of biosensors. For example, measurement of metabolites is frequently used in areas such as clinical diagnosis, medical applications, process control, measurement of insulin deficiency symptoms, observation of hospital conditions, drug production, control of the working conditions of the artificial pancreas, etc. Biosensor systems consist of three basic components: a bioreceptor (biological agent) with a selective recognition mechanism, a transducer that converts biochemical/physicochemical interactions resulting from the interaction of this bioreceptor with the substance under investigation into measurable electronic signals, and electronic components. Bioreceptor molecules, which play a key role in the development of biosensor technologies, are highly sensitive biological molecules that selectively interact with the substance to be analyzed (Broza et al., 2013; Rong et al., 2017; Borisov et al. 2023).   Nanosensors are capable of analyzing numerical data about existing substances and communicating the results in an understandable way. They are found in various biological, chemical, and surgical applications, and these types enable nanoparticles to interact with the macroscopic world. Biological nanosensors are designed to detect biomolecules at the cellular and molecular levels. Nanosensors transmit information about nanoparticles to the macroscopic world through sensing mechanisms and data transmission methods. Nanosensors use various mechanisms to detect physical and chemical changes. By detecting biomolecules, these sensors are used to determine the severity of diseases and monitor treatment processes. They accelerate decision-making by increasing sensitivity in biological, chemical, and surgical applications. The presented formats take advantage of the unique ability of nanoparticles to resolve the active components of nanosensors, usually by physical methods such as quantum dots, for size-dependent chemical phenomena (Kumar et al., 2023; Velu et al., 2023; Xi et al., 2019). Nanomedicine, known as the applications of nanotechnology in medicine, is seen to use nanoscale materials and systems for different purposes such as diagnosis, monitoring, treatment and disease prevention. Thanks to nanosensors and nanoparticles produced with nanotechnology, accurate diagnosis and timely treatment are becoming easier every day (Alizadeh et al., 2022; Altuner et al., 2022). In today's biotechnology, ways to manipulate DNA to give an organism new properties have been researched/are being researched and studies have been/are being conducted to develop products that were not possible before. The design and development of a drug molecule is a challenging process that takes a long time, involves high costs, and involves complex stages. While new diseases are encountered every day, the need for new drugs is also increasing because existing drugs do not always have the desired properties and efficacy for known diseases and their treatments. To date, two fundamental approaches to drug design exist: ligand-based and structure-based molecular design methods, along with computer-aided drug design (CADD), which performs calculations by examining the three-dimensional properties of chemical molecules. If we briefly review some studies on the areas where AI offers significant opportunities in drug development, we should first mention its application in small molecule drug design. DL models, which underlie AI, have been reported in three main areas of computational chemistry: generating new molecules, predicting (Jurczak et al. 2020; Hooshiar 2024; Arvas 2018).
2. Nano/Bio/Sensor Structures

In addition to important sensor properties such as a wide detection range for the analyte, which is one of the components in sensors, its ability to easily combine with any biological environment, its rapid response to environmental variables, its high selectivity, and its ability to react quickly to different substances in the environment, biocompatibility with biological materials is also crucial. Because sensors are used as sensory organs in biomedical and similar applications, where high stability, selectivity, and sensitivity are required, and where there is no room for error, their design is meticulous (Ahammad et al., 2009; Akhmadishina et al., 2013; Zaporotskova et al., 2016). It is seen that chemical sensors developed today exhibit superior properties in the following applications. All living beings are in contact with their environment with the help of physical and chemical biological sensors used in their bodies. Today, different design and manufacturing approaches are used for various nanosensors. These approaches are organized to cover the spectrum of nanomaterials used in the design and production of nanosensors and the types of recognition elements used (Altuner et al., 2021; Ni et al., 2023; Ozdemir et al., 2022). Nanosensors are classified according to their sensing mechanism and consist of nanostructured materials, each with at least one dimension up to 100 nm. Nanosensors used in chemical, surgical and biological fields have been developed using today`s advanced technologies to collect nanoparticle data that cannot be obtained with traditional sensors. Nanosensors work like normal sensors, but the main difference is that nanosensors can detect smaller particles. Sensors produced by traditional methods cannot do this. Nanosensors are an electronic structure used for computer chips, nanorobots and other nanoproducts that need to detect small particles to be examined. The advantages of nanosensors compared to traditional sensors are seen as faster response, more data, higher data accuracy rate, less impact on the measured situation (Yu et al., 2014; Gao et al. 2016; Nagy et al., 2015). Therefore, a nanosensor network is needed for any healthcare application. Biosensors and wearable technologies continuously monitor individuals` health status, enabling personalization and early intervention in healthcare services. These technologies provide healthcare professionals with a comprehensive view by collecting individuals` physical health data in real time. In this way, health problems can be detected before they occur and the treatment process can be personalized. For example, determining the risk of heart disease at an early stage or managing the blood sugar levels of diabetic patients are among the most important advantages offered by biosensors. These groundbreaking, creative and humanity-beneficial technologies are essential for people to recover from their illnesses quickly and live a more prosperous life by providing them with different healthcare services that are more result-oriented and provide the desired efficiency in a shorter time (Ahmed et al., 2015; Malode et al., 2024; Yang et al., 2019). Sensor systems added to biological systems interact with each other to rapidly detect and measure various mechanisms occurring in the environment, allowing us to understand events in a short timeframe (Yang et al., 2015).  Each type of biosensor contains technologies optimized for specific application areas and targets. The integration of wearable technologies and biosensors takes health monitoring and personal health management to the next level. While biosensors can continuously monitor the health status of individuals, measure and analyze critical data, wearable technologies, ease of fabrication offer the opportunity to use these sensors in an integrated way with daily life. For example, biosensors developed for diabetics measure blood sugar levels and automatically alert when abnormal values are detected. Similarly, for individuals with heart disease, biosensors monitor heart rate and other cardiovascular parameters, providing valuable information for early diagnosis and intervention. This continuous monitoring capability enables more effective chronic disease management and timely measures (Joseph et al., 2018; Ruiz-Valdepeñas Montiel et al., 2019). Pharmaceutically active compounds are compounds that can contain one or more active substance mixtures produced for the purpose of diagnosing, treating, and alleviating a number of diseases, disorders, abnormal physical conditions, or their symptoms that can be seen in humans and animals. Each drug is converted to more polar metabolites in the body at different levels, eliminating some or all of the pharmaceutical activity of the active substance. The metabolism of pharmaceuticals by the body varies according to the type of pharmaceutical (Bound et al. 2004). 
In the literature, methods whose biological element is antibody signal, optical measurement, especially surface plasmon resonance (SPR) are the majority (Dumont et al. In SPR methods, the interaction of biomolecules can be determined in real time without the need to use a signal. In this method, the analysis time is four hours in total and the LOD value for both oxytetracycline and tetracycline was found to be 25 μg/kg. When microbial growth occurs, CO2 is released into the environment, followed immediately by electrochemical measurements. In this method, more than one antibiotic can be determined simultaneously (Raz et al. In a method suggested for the determination of chloramphenicol, SPR measurements were taken with competitive inhibition analysis (Dumont et al., 2006; Gaudin et al., 2010; Huet et al., 2008; Raz et al., 2009; Gaudin, 2017; Virolainen et al., 2008). In a method suggested for the determination of fluoroquinolones, 12 different fluoroquinolones were determined with SPR by competitive inhibition analysis. In another method suggested for the determination of phenicols, SPR measurements were taken with competitive inhibition analysis and the LOD was found to be between 0. In a method where β-lactams were determined, SPR measurements were taken with competitive biospecific interaction (Ferrini et al., 2008; Virolainen et al., 2008; Dumont et al., 2006; Cacciatore et al. 2004). Recently, sensors have been needed to determine the amount of antibiotics in food products and farm samples because they are both practical and cheap. Due to this need, dipstick-based test methods have been designed due to their ease of use Frigoli et al., 2024) determined tetracyclines, streptogramins and macrolides in foods with the dipstick method. In this method, the dipstick is coated with streptavidin and biotin-labeled recognition DNA is attached to it. The recognition DNA is attached to the hexahistidine (His-6)-labeled biosensor protein. Electrochemical biosensors are analytical platforms that offer many advantages in terms of simplicity, affordability, speed, practicality, and ease of use, utilizing innovative nanomaterials produced for the latest technological applications. Chitosan, polylactic acid, and hydroxyethyl methacrylate-based nanomaterials can be combined with different materials specific to their application to form nanocomposites. While inorganic nanomaterials are frequently used in the treatment of cancer cells due to their unique optical properties or magnetic and catalytic properties, some encounter long-term circulation and cytotoxicity issues in vivo. The structure and interactions of each molecule involved in nanomaterial synthesis must be known, and the technique used in nanomaterial synthesis is crucial. These frequently encountered phenomena in nature, such as the association of lipid molecules in aqueous environments to form oil droplets or the formation of tetrameric hemoglobin protein from four hemoglobin polypeptides, occur as a result of molecular self-assembly (Zou et al., 2018; Tarahomi et al.2019; Zhang, 2015). Nanomaterials can be grouped according to their structure into organic materials, which are generally carbon-based, inorganic materials, which are metal and metal oxide-based, or composite materials, which are a combination of both. These materials belong to the carbon-based nanomaterial group. This material group includes metal or metal oxide-based nanomaterials.

Nanomaterials with multiple distinct functions and properties are combined. These structures, which are obtained as organic-organic, organic-organic, or inorganic-organic, depending on the desired application, are called nanocomposites. It is the combination of nano-sized materials to form a new structure. Nanocomposite structures can be used to develop electrodes for electrochemical measurements. The most well-known advantage of nanomaterials is their ability to immobilize analytes thanks to their large biospecific surface. These materials offer advantages such as easy synthesis, easy applicability, and low cost.Many nanomaterials can be modified in a way compatible with polymers, which contributes to the reproducibility and biocompatibility of biosensors (Kannan et al., 2015; Arkan et al. 2013; Srivastava et al. 2015; Zhong et al. 2015) Furthermore, while composites are formed by combining their components at the macro level, this often occurs with nano-level components in hybrid materials. Therefore, hybrid materials are highly preferred in various applications The production of hybrid platforms for detection purposes has generated interest in the field of biosensors. In addition, biosensors containing nanomaterials such as nanoparticles, nanotubes, and nanorods interact with analytes, enabling detection at smaller concentrations (Ghorbani et al. 2019; Guo et al. 2024; Gowthaman et al. 2024; Fu et al.,2024). Sensors produced using nanoparticles containing metal or metal oxide groups offer potential insights into various studies due to their stability, sensitivity, and high selectivity. Sensors produced with these materials have begun to attract significant attention in the food safety and health fields. Biosensors produced using nanotechnological applications and procedures are crucial for rapid disease diagnosis and optimal living conditions. Therefore, research continues at a rapid pace to develop and implement them for nearly every application area. Therefore, a nanosensor network is needed for any healthcare application. Drug analysis and smart drug delivery in pharmaceutical industry, the most widely used electrochemical approaches for measurement purposes are being developed for smart health applications. Nanoparticles produced in this type have wide applications in fields such as medicine, textiles, water treatment, and catalysis (Ying Wang, et al. 2011; Kalasin et al 2023; Zhao et al 2021). These nanoparticles possess advantages such as a large surface area-to-volume ratio, high surface energies, and a specific electronic structure (i.e., local density state, plasmon excitation, and quantum confinement) due to their transitions between molecular and metallic states (Figure.1)

[image: image1.jpg]*Anti-Viral Drugs *Anti-Bacterial

sAnti-Depressant

Electrochemical Sensing

O—

*Anti-Cancer Anti-Inflammatory

L '





Figure 1. Schematic overview of nanocomposites used in pharmaceutical analysis and their applications in electrochemical sensing (Chałupniak et al., 2015; Economou, 2018).

In Figure 1 ,  graphically summarizes the materials frequently used in biosensor production and the different nanotechnological application areas in which they are used. The interaction of DNA with electroactive compounds is important for pharmaceuticals, environmental monitoring, and drug detection.  Various techniques such as UV-spectrometry (Marky et al. 1983), fluorescence spectroscopy, circular dichroism, resonance Raman spectroscopy, Fourier transform infrared spectroscopy, and single-molecule force spectroscopy have been used in the literature to investigate drug-DNA binding interactions (Zamiri et al. 2023; Bhatia et al. 2024; Sarkar et al. 2023; Lu et al 2023; Zhang et al 2023; Sengupta et al. 2024;). Electrochemical techniques, on the other hand, offer significant advantages such as high sensitivity, low cost, simplicity, ease of use, rapidity, compatibility with microfabrication technology, and point-of-care detection. DNA biosensors are being intensively studied due to their important properties such as sensitivity, selectivity, simplicity, rapidity, and low cost (Erdem and Ozsoz 2002; Congur, et al., 2019). Diagnostic methods used for breast cancer are expensive, time-consuming, and sometimes invasive. Sensitive and rapid systems are needed to support diagnosis by identifying the molecular characteristics of breast cancer cells. Biosensors are devices that can effectively detect molecular markers of breast cancer. They essentially consist of two components: a bioreceptor and a physicochemical transducer. The transducer can be electrochemical, optical, calorimetric, or based on mass changes (Lino et al. 2022; Luo et al. 2017; Macanás et al.,  2007a). Quartz crystal microbalance (QCM) sensors are piazoelectric and contain a thin quartz crystal sandwiched between two electrodes. They are highly sensitive devices that can detect changes in the resonance of the quartz crystal created by the addition of a nanogram-level mass to the surface of their specialized chip. This system does not require labeling and can identify the target molecule even in an opaque solution (Kong, et al.,2024).  QCM systems can be prepared in a variety of forms containing biorecognition elements such as DNA, aptamers, enzymes, antibodies, or microorganisms (Macanás et al.,  2007b). The sensitivity of piazzoelectric sensors such as QCM to antigen-antibody or ligand-receptor interactions creates a high affinity for cancer cells. Breast cancer cells have receptors that they express differently or in excess compared to their normal counterparts. For example, breast cancer cells with increased iron requirements have a high concentration of transferrin receptors in their membranes. The noc 4 receptor, which decreases in breast cells as a result of differentiation, is also a receptor identified in breast cancer cells with a decreased level of differentiation. HER2/neu is a mutant form of the epidermal growth factor receptor (EGFR) and is detected in approximately one-quarter of breast cancers (Hemdan et al. 2024; Ngoepe et al 2023; Metkar et al 2020; Shoaib et al 2023; Pandey et al. 2023).

3. ELECTROCHEMICAL METHODOLOGIES EMPLOYED FOR PHARMACEUTICAL ANALYSIS 

Electrochemical sensors, a type of chemical sensor, work on the principle of measuring the electrons generated or spent in a reaction (Smyth, 1995). Most electrochemical sensing methods utilize changes in potential and current. In general, the working electrodes used in voltammetry are microelectrodes with a surface area of usually a few square millimeters, and in some applications a few square micrometers or smaller, to enhance polarization. A voltammetry cell contains: the substance being analyzed, reference electrode reference electrode (RE), working electrode (WE), counter/auxiliary electrode (CE or AE), support electrolyte (Chanta et al., 2015; Harris et al., 2023).The electrode with a known and constant potential is called the reference electrode and is used to measure the potential. The microelectrode where the reduction-oxidation reactions occur is called the working electrode. In electroanalytical applications, it is usually important for one electrode`s half-cell potential to remain constant and unaffected by the solution's composition, with its values known. These electrodes are characterized by not becoming polarized at low currents intensities. When anodic current flows through these electrodes, the surface concentration of the electrode does not change because the metals are oxidized to form precipitates with excessive amounts of chloride in the environment, so that the electrode potentials become independent of the anodic current. When cathodic current passes over these electrodes, the metal ions from the solvent are reduced and the precipitate on the surface of the electrode dissociates, allowing the metal ion at equilibrium level to re-form and the potential remains constant. Nanostructured carbon, carbon nanotubes, chitosan complexes with different metals, metal oxides, gold-platinum bimetallic nanoparticles, and ionic liquids are widely used to develop chemically modified electrodes, support electron transfer reactions in many compounds, lower high potentials, and increase the reaction rate of several electroactive substances and/or shorten the electrode response time, thereby enhancing the sensitivity of sensors and biosensors (Srivastava, 2015; Tajik, 2021., Wang et al.,2023) Voltammetry, which refers to current measurements during controlled potential changes, and amperometry, which refers to current measurements at a constant potential, are widely used in pharmaceutical analysis studies (Chaves et al., 2022). The calibration curve showed a linear working range between 1 and 150 μM for dopamine and 1 and 160 μM for uric acid. The detection limits for dopamine and uric acid were determined as 0. Although DA and UA are normally oxidized at close potentials on plain GCE, the electrode modified with copper (II) oxide (CuO) nano-brass-like nanoparticles provided practical application (Roychoudhury et al 2016). developed an electrode based on Li2TiO3- multiwalled carbon nanotube nanocomposite (LTO-MWCNT) for the determination of dopamine. LTO-MWCNT/GCE was used as the working electrode for the voltammetric analysis of dopamine in pH 6.5 phosphate buffer as the electrolyte, along with cyclic voltammetry and differential pulse voltammetry. The LTO-MWCNT/GCE working electrode showed good selectivity and sensitivity in the presence of interferents such as acetaminophen (AC) and tryptophan (TP). 71 μmol L−1 for dopamine was determined for LTO-MWCNT/GCE in the mentioned electrolyte medium and pH. The calculated dynamic working range of the electrode for DA was 5. The electrode gave a recovery of 98% in analyses using dopamine ampoule formulations as samples (Narayana et al.2022). When examining the various methods studied in the literature, the response of a modified working electrode in a solution is examined by changing the current-potential values of the potential polarization wave applied to that electrode. The potential value of the working electrode changes linearly with time. The electrochemical cell is typical for various electrochemical experiments, particularly cyclic voltammetry. The electrochemical cell consists of three electrodes, the analyte and the supporting electrolyte, immersed in a solution containing an excess of the electrolyte. The microelectrode, or working electrode, is one of the three electrodes, whose potential changes linearly with time. The second electrode is a reference electrode, whose potential remains constant throughout the experiment. The third electrode is either a mercury pool, which transfers electricity from the source to the microelectrode through the solution, or a Pt wire (Elgrishi et al., 2018). In cyclic voltammetry, the oxidation process begins when the voltage applied to the working electrode reaches the oxidation potential of the electroactive substance. A rapid increase in current is observed as the material surrounding the electrode surface is consumed. At this time, a diffusion layer forms around the working electrode, and diffusion begins.

4. METAL NANOCOMPOSITE DEVELOPMENT FOR ELECTROCHEMICAL BIOSENSORS 

Metal oxide semiconductors have a more positive valence band gap than other semiconductors, are highly resistant to chemicals, are non-toxic and have low costs, which are important parameters that make them the most preferred materials in the field of sensors and catalysts. Nanostructured metal oxides have been intensively studied where high optical transmittance and electrical conductivity are among their most important qualities. Furthermore, these metal oxides have recently been used in the immobilization of biomolecules with high biological activity (Munawar et al. 2019). Nanostructured metal oxides, when combined with desired functions and surface charges with unique optical, electrical and molecular properties, become platforms by interfacing biosensing elements with transducers for signal recognition (Rackauskas et al., 2017). Recent research activities on metal oxides and their various applications have led to discussions. Electrical biosensors perform in situ analysis of the sample or provide ease of use for cost-saving applications such as outpatient treatment. Electrical biosensors are closely related to electroanalytical techniques developed in the field of chemistry. These materials, which have promising mechanical, thermal, optical, and electrical properties for many applications, are preferred in various technological applications such as nanoelectronics, biosensors, polymer composites, H2 production and storage, drug delivery, electrochemical capacitors, and catalysts. Furthermore, these nanostructured metal oxides can be combined with nanomaterials and organic/inorganic nanocomposites with electrochemical and molecular properties, finding many applications such as antibody monitoring, biological imaging, energy storage devices, sensors, flexible electronics, LED lighting, solar cell and battery hydrogen storage, and automobile and aircraft components, with potential applications ((Ayranci et al., 2019; Doria et al., 2012; Guo et al., 2024; Guzel et al., 2023a; Zare et al., 2016a). In the study conducted by Wong et al. 2021, amperometric measurements of a carbon paste electrode prepared using graphite powder, carbon microspheres, carbon nanotubes, and mineral oil in catechol for antioxidant determination yielded a sensitivity of 0. A carbon paste electrode modified with tyrosinase enzyme and copper for the determination of phenolic compounds and observed a detection limit of 5x10-8 M as a result of amperometric measurements based on quinone formation (Taylor et al. developed a carbon paste printed electrode using membrane films enriched with gold nanoparticles and impregnated with tyrosinase enzyme for the determination of phenols (Hanifah et al., 2016).
4.1. Carbon-reinforced metal nanocomposites
Carbon-reinforced metal nanocomposites One of the most important and current mediators used in biosensor studies in recent years is carbon nanotubes (CNTs). The ability of CNTs to increase the rates of electron transfer reactions at low potentials has led researchers to work intensively on the development of CNT-prepared enzyme electrodes in recent years. In recent years, nanomaterials such as fullerenes, nanodiamonds, carbon dots (CDs), carbon nanotubes (CNTs), graphene (GR), and graphitin (GDY) have been used in various fields for various nanotechnological applications. The prepared carbon nanotube-modified electrodes have greater surface area and conductivity compared to conventional electrodes. Because the surface is sensitive to microconcentration, and because the oxidation potentials of these two compounds are in the same range, they cannot be determined simultaneously (Ismaili et al., 2024; Kocak et al., 2023; Porto et al., 2022).  Sometimes, carbon nanotube-modified electrodes may also be insufficient in separating the reduction-oxidation peak distributions of mixtures. In the literature, chemically modified glassy carbon electrodes have been used for the determination of methimazole, but only a limited number of articles have been published with working methods related to this method (Simsek et al., 2021; Speranza, 2021). on the determination of uric acid, the mixture of norepinephrine and uric acid could not be determined modified electrode surface but it could be determined with a modified glassy carbon electrode (C-CNT-GCE) containing carbon nanotubes and chitosan. Oxidation of the mixture of norepinephrine (NE) and uric acid (UA) was not observed on the GCE surface. The oxidation peak distribution of this mixture was the same on the CNT-GCE surface. However, on the chitosan-CNT-GCE surface, first norephinephrine and then uric acid were oxidized separately (Lu et al. In another sensor study developed for the determination of dopamine, it was reported that dopamine, along with ascorbic acid (AA), uric acid (UA), and 5-hydroxytryptamine (5-HT), could be determined highly sensitively and selectively using a poly(thionine)-modified glassy carbon electrode (Ahammad et al. Sun and colleagues sensitively determined dopamine using an ionic liquid carbon electrode modified with graphene and SnO2 nanocomposite. It was reported that the electrochemical performance of the modified electrode was enhanced by using a nanocomposite material obtained by combining reduced graphene (GR) and SnO2 nanoparticles in the electrode modification. The GR-SnO2 nanocomposite electrode was reported to exhibit high electrocatalytic activity for dopamine oxidation (Sun et al., 2012) In another study using reduced graphene oxide for the determination of dopamine, a multilayer modified glassy carbon electrode constructed from graphene and Au nanoparticle composite materials was used. This electrochemical sensor was used for the simultaneous determination of UA and DA with high sensitivity and selectivity using DPV. constructed a nanocomposite containing single-walled carbon nanotubes (SWCNTs), nitrogen-doped reduced graphene oxide (N-rGO), and p-ephedrine nanoparticles as carbon sources (Kong et al., 2019). Gowthaman and co-workers modified a glassy carbon electrode (GCE) with Au-Pt core-shell nanoparticles (Au@PtNPs) as a working electrode. They used the modified working electrode in an electrochemical sensor study to detect the dose of isoniazid (INZ), a frequently used antituberculosis drug. It was reported that the oxidation current increased in the electrochemical biosensor that was intended to be developed for INZ and this increase showed excellent activity in terms of detecting INZ (Gowthaman et al., 2016. Kong and co-workers obtained a nanocomposite consisting of single-walled carbon nanotubes (SWCNTs), nitrogen-doped reduced graphene oxide (N-rGO), and phospholipid nanoparticles (PtNP) (Kong et al., 2019).

4.2. Polymer-reinforced metal nanocomposites

Polymer-reinforced metal nanocomposites Today, resources of natural materials are dwindling. Although polymers are insulating materials, recently some conductive polymeric nanocomposites obtained by adding conductive particles into the polymer matrix have been developed. In addition to polymer-based matrices, matrices in composite materials are also made from metal and ceramic-derived materials. While there are various types of matrices out there, it`s interesting to note that around 90% of composite materials are made using polymer-based matrices. Although polymers are insulating materials, some conductive polymeric nanocomposites, obtained by incorporating conductive particles such as metals or metal oxides into a polymer matrix, have recently been developed. Common applications of conductive polymers include rechargeable battery production, electronic device (transistor, capacitor, sensor) production, ion-selective electrode production, corrosion prevention, biochemical analyses, photoelectrochemical cells, and electrorheological studies (John 2020; Taylor et al. 2010; Mohammadpour-Haratbar et al. 2022; Kausar et al. 2023) Intensive research is also being conducted in the healthcare sector on the development and use of polymeric nanocomposites. In our country, nanotechnology is primarily developing these types of polymers, which can be called smart polymers, and controlling the reaction type with these smart molecules. Some researchers are also preparing nanoparticle polymers and aiming to use them in gene therapy (Tajik et al. 2021). However, today, polymer matrices are also being reinforced with nanosized particles, and the resulting composite materials are called polymeric nanocomposites. Due to the nanometric dimensions of the filler particles, nanocomposites have high area-to-volume ratios, and since the interaction area between phases is very large, even at very low clay densities, significant increases in physical and mechanical properties can be observed. There are significant challenges, particularly in the preparation of nanocomposites of nonpolar polymers such as polyolefins (PE, PP) (Leau et al. 2023). The areas where conductive polymers are widely used are; rechargeable battery production, electronic device (transistor, capacitor, sensor) production, ion selective electrode production, corrosion prevention, biochemical analysis, photo electrochemical cells and electrorheological studies (Raabe, 2023; Rahman et al., 2010). Some researchers also aim to prepare polymers in the form of nanoparticles and use them in gene therapy (Malode et al., 2024; Rahman et al., 2010). Research efforts to develop nanocomposites of industrial thermoplastic and thermoset polymers continue to increase rapidly. Research efforts to develop nanocomposites of industrial thermoplastic and thermoset polymers continue to increase rapidly. There are great difficulties in preparing nanocomposites of apolar polymers such as polyolefins (PE, PP) (Faupel et al., 2010; Sun et al., 2021). However, advanced composite materials developed in recent years have revolutionized material applications. Composite materials are generally classified as fiber-reinforced and particle-reinforced according to the reinforcement element used. In particle-reinforced composite materials, the matrix material contains particles of one or more different materials. As a result of these studies, an electrochemical sensor platform was developed, which was optimized and could be used to investigate different pharmaceutical drugs. With this electrochemical sensor platform, graphitic carbon electrodes modified with poly(chitosan)-silver nanoparticles (AgNPs) were used (Zamani et al., 2019b; Macanás et al., 2007b; Muraviev et al., 2008; Zare et al., 2016b)
5. THE USE OF ELECTROCHEMICAL SENSORS AND BIOSENSORS FOR PHARMACEUTICAL DRUG

 Electrochemical biosensors with sensitive and rapid detection properties are obtained by combining sensor systems with biological substances and are used for analysis purposes especially in the field of pharmaceutical drug and health today. These techniques are controlled by the activity of the COX enzyme. Furthermore, the COX enzyme in prostaglandin synthesis is inhibited by NSAIDs. The main pathway suppressed by classical NSAIDs in the inhibition of inflammation is COX inhibition (Altuner et al., 2022; Ayranci et al., 2019; Guzel et al., 2023b). Since the increase or decrease in the concentration of these substances, which have important functions in living organisms, leads to irreversible health problems, the accurate and sensitive detection of such drugs is important both scientifically and medically. In most studies, glassy carbon electrodes have been modified by electropolymerization of various substances to obtain new electrochemical sensors. These sensors obtained have been used to examine the electrochemical behavior of these molecules, which are very difficult to detect with normal electrodes and have great clinical importance (Pan et al., 2024; Zhang et al., 2015). 

5.1. Anti-Inflammatory Drugs

Anti-Inflammatory Drugs Non-Steroidal Anti-Inflammatory Drugs (NSAIDs) constitute some of the most commonly prescribed medications globally. Classic NSAIDs are generally used for their analgesic, antipyretic, anti-inflammatory, and, to a lesser extent, uricosuric effects (Jones et al. At the site of inflammation, the synthesis of prostacyclin and prostaglandin (PG) from arachidonic acid via the cyclooxygenase (COX) enzyme is increased, as are the synthesis of cyclic endoperoxides (PGG2 and PGH2), thromboxane A2, and platelet-activating factor (PAF). By inhibiting the COX enzyme, NSAIDs reduce the synthesis of these mediators that mediate inflammation.  NSAIDs are a group of drugs prescribed by most physicians and widely used in the general population. They are prescribed for antipyretic, analgesic, and anti-inflammatory purposes in inflammatory conditions such as arthritis. Many side effects such as nausea, vomiting, epigastric pain, gastrointestinal bleeding, deterioration in kidney and liver function tests, urticaria, drug eruptions, and even anaphylaxis may be encountered during NSAID use (Zarghi and Arfaei,. 2011; Seibert et al. 1995; Wright 2002). Analgesic drugs: opioids (narcotics), adjuvant analgesics, nonopioid analgesics (non-narcotic analgesics), paracetamol and aspirin, NSAIDs can be classified briefly as follows. Classical NSAIDs are generally used for their analgesic, antipyretic, anti-inflammatory and partly uricosuric effects. The reasons for their use in arthritis are their analgesic and anti-inflammatory effects (Davies 2008). Until 1990, it was thought that there was only one type of cyclooxygenase, and with the rapid progress of studies and widespread use of molecular biology techniques in this field, it was revealed that there were two types of cyclooxygenase: constitutive and inducible. These compounds have also become new therapeutic targets in some diseases, especially some types of cancer and Alzheimer`s disease in which COX-2 is involved. The formation of PGI2 from arachidonic acid is mainly catalyzed by the COX-2 enzyme. Naproxen and Ibuprofen is a white crystalline drug, chemically called 2-(6-methoxy-2-naphthyl) propionic acid or α-methyl-6-methoxy-2-naphthalene acetic acid, which is in the profen (phenylpropionic acid) class of non-steroidal anti-inflammatory drugs. Naproxen, which has analgesic, anti-inflammatory and antipyretic effects, also has an inhibitory effect on leukocyte activation and migration in inflamed tissue. Naproxen is used in inflammation of small joints such as fingers (rheumatoid arthritis), inflammation of bone joints (osteoarthritis), inflammation of the backbone (ankylosing spondylitis) and trauma-related periarticular tissue lesions. Naproxen, which has been found to be as effective as aspirin and indomethacin in eliminating inflammation in joints, is a drug that is more resistant to its side effects compared to other propionic acid derivatives. This increase was directly proportional to the naproxen concentration. Also, the detection limits of naproxen were determined as 7.0×10−2 μmol/L (Shokri et al. Electrochemical sensors for the amount of naproxen are generally used in the pharmaceutical field or to detect or identify the presence, amount, or biological species. A disposable electrochemical sensor constructed using AgNPs@GOCd coated electrode was developed to recognize the drug naproxen in human urine tests, demonstrating their value and potential for numerous applications (Tarahomi 2019). Comparing the bare GO sensor and the sensor constructed with the electrode coated with polymer/AgNP, they showed high stability, high sensitivity and selectivity, a lower detection limit (Lapworth et al., 2012; Roushani et al. 2015).
5.2. Antidepressants

Today, effective drugs are used in the treatment of depression and new drugs are offered for sale. Although the depression drugs in use differ in terms of their mechanisms of action, drug interactions and side effects, they do not differ from each other in terms of their effectiveness and speed of action. Therefore, when choosing an antidepressant drug, side effects and drug interaction properties should be taken into consideration (Wilson et al., 2005). The first drug used to treat depression was iproniazid, a monoamine oxidase inhibitor (MAOI) that was accidentally discovered to be effective in treating depression in patients with tuberculosis. Iproniazid is the first example of an antidepressant drug that was successful in treating depression. However, this class of drugs is the least commonly used today due to potentially lethal drug interactions and side effects. This group of drugs non-selectively blocks the reuptake of norepinephrine and serotonin. Today, drugs that selectively block the reuptake of serotonin, such as escitalopram, fluoxetine and sertraline, are being developed and are becoming more widely used (La-Scalea et al., 2002; Robinson, 2018). Antipsychotic drugs are frequently prescribed both as a support for other treatment methods and because they have therapeutic properties. Electroanalytical methods are powerful and versatile analytical tools that offer selectivity, accuracy, high sensitivity and reproducibility in every field they are preferred, as well as offering advantages such as being relatively simple, cheap and fast analysis time. A sensitive and selective electrochemical sensor was produced by immobilizing CNPs suspension on GCE dropwise (Ghorbani-Bidkorbeh et al., 2010). They may have side effects such as dry mouth, weight gain, drowsiness, manic shift and poisoning at high doses. Selective serotonin reuptake inhibitors (SSRI): They are more frequently used and safer drugs in terms of side effects (Cipram, Cipralex, Paxil, Prozac, Lustral, Faverin). Their use is not recommended in bipolar patients due to the high risk of hallucinations. In this study, when we examine the potential changes measured against concentration changes of amino acids dissolved in deionized water, it is seen that tyrosine exhibits a linear potential in the range of 1x10-1– 1x10-4 M. The amino acid biosensor exhibits a potential difference of 90 mV against tyrosine. In 1x10-5 M solutions of tyrosine, the biosensor electrode works in reverse and does not give reliable results. developed a biosensor for the detection of fluoxetine by developing a carbon nanofiber-epoxy composite modified working electrode. It was detected electrochemically with high sensitivity and stability. They showed that the doping agent fluoxetine can be rapidly determined with high accuracy (Ramos et al. developed a pencil graphite sensor modified with polyoxometalate/reduced graphene oxide (rGO) to detect paroxetine, the active ingredient of the SSRI drug Paxil, a group of antidepressant drugs commonly used to treat severe anxiety problems (Alizadeh et al., 2016; Karalemas et al., 2000; fasipe et al, 2018). Pencil graphite sensor developed by Oghli et al. They modified this electrode with polyoxometalate/reduced graphene oxide (rGO). With this modified electrode, they produced an electrochemical sensor that showed superior performance to degrade paroxetine in serum and urine. With this sensor, they were able to determine the amount of paroxetine sensitively (Oghli et al., 2020). Sertraline is thought to be 5 times more effective than fluoxetine in serotonin reuptake. The EPS effect seen in fluoxetine and fluvoxamine is rarely seen in sertraline. The effective dose used is 50-200 mg per day (50-100 mg per day in elderly patients), and treatment should definitely be started with a dose of 50 mg/day 9. This dose is usually effective except for major depression. However, it should be used in high doses (daily dose of 200 mg) in major depression and obsession. Although success in treatment is usually seen within 15-30 days, there is a slight improvement in depression symptoms after the first week (Ramos et al., 2021).

5.3. Antibacterial Medications

Antibacterial drugs do not affect all groups and types of microorganisms. Drugs in this group affect bacteria that have not completed cell wall synthesis and destroy them. They have no effect on bacteria that have completed cell wall synthesis. Penicillins, Cephalosporins, Novobiocin, Bacitracin, Aztreonam, Vancomycin and Imipenem are drugs that disrupt bacterial cell wall synthesis. Inhibits protein synthesis in bacterial cells. Drugs in this group are; Tetracyclines, Aminoglycosides, Chloromphenicol, Erythromycin, Lincomycin and Oleandomycin. Disruptors of the genetic structure of the bacterial cell: Most of these affect the genetic structure of the bacteria while also affecting the host cell nucleus, so they are cytotoxic drugs. Others do not show much toxic effect on the host cell. Disruptors of intermediate metabolism: Drugs in this group prevent the synthesis of a substance necessary for bacterial metabolism. investigated the voltammetric behavior of CEFA, ceftazidime and ceftriaxone by cyclic voltammetry (CV) and differential pulse voltammetry (DPV) using a suspended mercury electrode in the pH range of 2 and 8. The effects of pH, supporting electrolyte and scan rate on peak currents and peak potentials were investigated. It was determined that the reduction of CEFA and ceftazidime in acidic solution was diffusion controlled, while that of ceftriaxone was adsorption controlled. The DPV method was developed and validated for ceftazidime at pH 2 (Aboul-enein, 2006; Kapetanović, 2016; Zhou et al., 2021).
5.4. Antiviral Medicines

Antiviral drugs are pharmacological agents used against viral infections. They are used to control or eliminate viral infections. Antiviral drugs are among the agents with nephrotoxic side effects. Viruses are obligate intracellular parasites. Antiviral agents must prevent the virus from entering or exiting the cell or must be active inside the cell. As the stages of viral replication have been better understood, more selective antivirals have been developed. Antiviral drugs are virostatic. They are only effective against replicating viruses. The concept of using specific antiviral treatments for various diseases has been around since the mid-20th century, with initial applications in diseases such as mumps and smallpox. The initial trials were conducted using sulfonamides. Today, antiviral drugs are used in the clinic for 5 different virus groups. Clinically meaningful viral infections are divided into five groups: Herpes Family Viruses, Influenza virus infections, human immunodeficiency virus (HIV), Hepatitis Viruses (HBV and HCV), Cytomegalovirus (SMV) (Zarębska-Michaluk, 2024). Many nanomaterials have been investigated to overcome therapeutic limitations. Biosensors are required to deliver rapid and efficient detection of viral diseases, maintaining high levels of specificity and sensitivity. These criteria are essential to the successful implementation of sensor technology. There are two strategies followed here: viral nucleic acid and specific proteins or biomarkers (Nakhjavani et al., 2024). An ultrasensitive FET-based biosensor has been developed for the detection of the SARS-CoV-2 S protein, utilizing a PBA ester linker for the immobilization of antibodies on graphene sheets. Using this electrochemical technique, a device capable of detecting spike protein at fg/mL in nasopharyngeal samples with a detection limit of 242 c/mL was produced (Moitra et al., 2023). The antiviral effect of adenine arabinoside on HSV has been proven and was first used in the systemic treatment of herpesvirus infections. In 1964, although the antiviral effect of amantadine, an influenza A virus inhibitor, was proven in vitro and in vivo, the desired results could not be achieved in practice due to the rapid development of resistance by the agent. In 1977, the first selective antiviral agent against herpesviruses, 9-(2-hydro-xyethoxymethyl) guanine (acycloguanosine), was synthesized, and a few months later, (S)-9-(2,3-dihydroxypropyl) adenine (DHPA), which has a broader spectrum of activity than acycloguanosine, was developed. Since the identification of Acquired Immunodeficiency Syndrome (AIDS) caused by Human immunodeficiency virus (HIV) in 1983, many antiretrovirus agents have been developed for the treatment of this disease (reltegravir, dolutegravir, ritonavir, maraviroc, etc.) and continue to be developed. In addition, antiviral agent development studies are ongoing for the treatment of infections that cause major epidemics such as Hepatitis B virus (HBV) and Hepatitis C virus (HCV) (Asunaprevir, bocaprevir, paritaprevir, elbasvir, etc.) (Apetroaei, 2024). In the pharmaceutical industry, the development of antiviral drugs has lagged behind other antimicrobial drugs. However, due to the rapid development of biotechnology and molecular genetics, significant progress has been made in the development of antiviral drugs specifically for the treatment of viral infections. Reducing the side effects of these drugs and introducing them into routine use will be very useful in the prophylaxis and treatment of viral infections.

5.5. Anticancer Medication

The development of protein-based biomarkers for biosensors used in cancer diagnosis is more useful than genetic markers due to their cost-effectiveness (Lino et al. Some of the different analytical methods for the investigation of electrochemical properties and quantification of Vinblastine (VNB), Taxol, Doxorubicin, Imatinib and Flutamide on the pencil graphite electrode surface to introduce of drugs such as Vinblastine (VNB), Taxol (Kosjek et al. 2013; Stokvis et al., 2005; Achanta et al., 2013). In voltammetry, low cost, short analysis time, small analytical volume, high sensitivity, selectivity, analysis of electro-active compounds, and easy preparation of samples are among the advantages (Brainina, 2001; Farghaly et al., 2014). In the voltammetric method, the choice of electrode affects the accuracy, precision, selectivity and sensitivity of the method. In the selection of the working electrode, the redox behavior of the analyte, the voltage working range in which the analysis is made, and the residual current in this range, the electrical conductivity of the working electrode, the repeatability of the electrode surface, mechanical properties, being economical, applicability, and toxicity should be taken into consideration. In a study conducted by Önal, a disposable graphite pencil-tipped working electrode, one of the carbon-based solid electrodes, was used (Önal, 2023). Carbon-based solid electrodes are preferred in electrochemical analysis due to their wide operating voltage range, low residual current, high sensitivity, chemical inertness and rich surface chemistry. Pencil-tipped graphite (PG) electrodes have taken their place in studies as an alternative to other carbon-based electrodes due to their economical and practical use as well as their disposable use (A. PG working electrode has high electrochemical reactivity, mechanical durability, ease of preparation, low cost and technological features 1x10-5 M on the PG electrode surface was investigated in different support electrolytes and at different pH values using SW-AdSV technique (Önal, 2023). When the relationship between pH and peak voltage is examined, it is seen that the peak voltage shifts to negative values as pH increases 0. In this study, the electrochemical properties of the anticancer drug VNB were investigated for the first time with PG electrode and SWAdSV method was developed for its quantification. In the developed technique; applicability, sensitivity, accuracy, selectivity and reproducibility were demonstrated with the findings. When compared to other electrochemical methods included in the bibliography for the determination of VNB, PG working electrode was found to be more sensitive (LOD=2. Although the LOD value of the study conducted using only modified electrode (AuNPs/GCE) was lower, the working electrode was subjected to modification process. The PG electrode used in this developed voltametric technique is low cost, unmodified and non-toxic, which reveals the originality of the study. The developed electroanalytical technique can be an alternative to other chromatographic and spectroscopic methods in the literature, as it is fast without requiring any preconcentration process, has high reliability in terms of sensitivity, can work with small amounts of sample and can be analyzed without the need for time-consuming separation processes.

6. CONCLUSION

Electrochemical sensors have recently undergone significant development, offering significant potential for drug dose detection. For this application to be successful, excellent interaction between nanomaterials and target analytes is essential. Therefore, studies are being conducted to develop platforms that can analyze pharmacological compounds and nanomaterials quickly, sensitively, and selectively. These platforms are also practical to use, easy to prepare, and suitable for miniaturization, allowing for point-of-care analysis. Electrochemical methods offer advantages over other methods in identifying related molecules in pharmaceutical preparations and biological fluids, such as rapid response, high sensitivity, and low cost. In addition, performance factors such as linear operating range and reproducibility are determined for the sensor. The process is completed by using the sensor, which is prepared in the final stage, to determine the content of the substance being determined in pharmaceutical preparations. With the incorporation of nanomaterials into biosensor designs, direct immobilization of biomolecules onto the electrode surface has become easier. The signal generated by the biomolecular interaction/recognition reaction can be amplified, thereby increasing sensitivity, and the recognition surface or transducer portion can be reduced in size, thus facilitating biosensor miniaturization. In a globalizing world, the use of technology is essential to reduce hospital admissions, improve the quality and efficiency of diagnosis, treatment, and care, and help individuals manage their health. Therefore, smart medicine and health management are now receiving significant attention. Electrochemical sensors, combined with this technology, will enable faster and more accurate disease prediction, process monitoring, and medication compliance, enabling many steps to be taken more quickly and accurately. However, despite numerous research techniques and methods, some processing challenges, such as cable dependency and verification difficulties, still require overcoming challenges in obtaining target signals. While producing advanced electrochemical sensors, are a great opportunity for the determination of drug active ingredients and their amount. The examination of drugs and different compounds or materials, especially the optimization of detectors and biomarkers in terms of their sensitivities and LODs are very important for these studies. Obtaining nanocomposites formed by bringing together carbon-based nanostructures, metal oxide nanoparticles, conductive polymers is one of the critical points for the success of the study.
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