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Abstract

:

The present review deals with the recent progress made in the field of the electrochemical detection of serotonin by means of electrochemical sensors based on various nanomaterials incorporated in the sensitive element. Due to the unique chemical and physical properties of these nanomaterials, it was possible to develop sensitive electrochemical sensors with excellent analytical performances, useful in the practice. The main electrochemical sensors used in serotonin detection are based on carbon electrodes modified with carbon nanotubes and various materials, such as benzofuran, polyalizarin red-S, poly(L-arginine), Nafion/Ni(OH)2, or graphene oxide, incorporating silver-silver selenite nanoparticles, as well as screen-printed electrodes modified with zinc oxide or aluminium oxide. Also, the review describes the nanocomposite sensors based on conductive polymers, tin oxide-tin sulphide, silver/polypyrole/copper oxide or a hybrid structure of cerium oxide-gold oxide nanofibers together with ruthenium oxide nanowires. The presentation focused on describing the sensitive materials, characterizing the sensors, the detection techniques, electroanalytical properties, validation and use of sensors in lab practice.
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1. Introduction


Serotonin, also known as 5-hydroxytriptamin, is a key messenger mediating a series of central and peripheral functions in the human body. As a neurotransmitter in the central nervous system, it is necessary in various brain functions and associated to anxiety and behaviour. Besides, the serotonin at the level of the central nervous system contributes to the neuronal control of intestine movements and the secretion of intestinal fluids [1]. However, the actions of serotonin extend beyond interneuronal communication at the level of the central nervous system and the enteric nervous system towards the peripheral tissues. Serotonin mediates numerous non-neuronal processes, such as the function of the bladder, respiratory system, haemostasis, vascular tone, immunity and intestinal inflammation [2,3,4].



Serotonin is also a regulator of both parts of the energy balance, i.e., energy accumulation and energy consumption. Serotonin at the level of the central nervous system is involved in appetite regulation and subsequently nutrient intake [5]. The inhibitory effect of serotonin on appetite led to authorizing the antagonist of serotonin receptors in obesity treatment [6]. Furthermore, the parameters pertaining to digestion, insulin production and liver regeneration are dependent on the signal transmission mediated by serotonin at the peripheral level [7,8,9,10]. Other studies prove that reducing serotonin synthesis at the peripheral level and signal transmission in adipose tissue may prevent obesity, insulin resistance and non-alcoholic fatty liver disease due to intensifying energy consumption at the level of the brown and beige adipose tissues [11,12,13].



The detection of serotonin by means of electrochemical sensors is of great interest because these have attractive features such as simple sample preparation, relative low cost, high sensitivity and selectivity, and the relatively easy operation.



The electrochemical sensors have been successfully employed in the detection and quantification of serotonin in different body fluids, such as whole blood, serum, cerebrospinal fluid and urine, in a very small amount of sample and with minimal pre-treatment of the samples. The level of serotonin in body fluids is important because it is a biomarker in several diseases, such as depressive disorders, carcinoid tumours, and diabetes.



The normal levels of serotonin in body fluids are in the range of nanomolar in serum samples, in urine, and or in cerebrospinal fluid, and these levels have been achieved by using sensors based on nanomaterials and their nanocomposites.



Serotonin quantification in body fluids is very useful in medical diagnostics. Therefore, the development and the correlations between the classical methods and those based on electrochemical sensors are desired. The analyses carried with the electrochemical sensors could be useful in the screening and monitoring analysis of serotonin after validation, being the core of the point-of-care concept.




2. Serotonin Synthesis and Metabolism. Transmission of the Serotonin-Mediated Signal


2.1. Synthesis In Vivo of Serotonin


In mammals, serotonin is synthesized from tryptophan. Serotonin synthesis is closely connected to the available level of tryptophan, kynurenine synthesis and the tryptophan-hydroxylase enzyme (Tph). Tryptophan generates the precursor of serotonin, i.e., 5-hydroxytryptophan (5-HTP), which is then rapidly converted into serotonin by means of the enzyme aromatic amino acid decarboxylase (AAAD). Tryptophan-hydroxylase exerts its action through two isoforms: tryptophan-hydroxylase 1 (Tph1), mainly present at the periphery of nervous system, and tryptophan-hydroxylase 2 (Tph2), mainly present in the brainstem at the level of medial raphe nucleus and the enteric nervous system [14,15,16].



In addition to serotonin synthesis, most of the tryptophan is converted into kynurenine. The conversion of tryptophan to kynurenine requires the enzyme indolamin-2,3-dioxygenase (IDO), which is found everywhere in the body except the liver, or tryptophan-2,3-dioxygenase (TDO), which is found in the liver tissue [17,18,19].



The schematic presentation of serotonin synthesis starting from L-tryptophan and the degradation of serotonin to 5-hydroxyindolacetic acid is presented in Figure 1.



Activating indolamin-2,3-dioxygenase by pro-inflammatory cytokines such as gamma interferon (IFN-γ) and the alpha tumour necrosis factor (TNF-α) reduces serotonin levels and increases kynurenine levels [18,19,21]. The activation of indolamin-2,3-dioxygenase is connected to raising the amount of kynurenine and decreasing the amount of serotonin, which is a phenomenon associated to the initiation of the depressive syndrome [22]. Thus, in addition to tryptophan, the pathway of kynurenine is important in controlling serotonin synthesis and availability.




2.2. Release and Transport upon Serotonin Binding


Stimulating enterochromaffin cells leads to serotonin release in the interstitial space of the cells in the area of the gastrointestinal tract. Enterochromaffin cells act as a mediator of the signal responding to post-prandial releases in the intestinal lumen. The released serotonin activates receptors in order to induce intestinal bowel movements. However, serotonin should be removed from the intestinal space in order to cease its action when it is no longer necessary [23].



The high levels of serotonin generated by the enterchromaffin cells require a well-regulated control system in order to remove serotonin from the interstitial space of the intestine to stop the serotonin-mediated processes and prevent serotonin toxicity. Removing serotonin from the interstitial space takes place either by locking it in the enterocytes or by its transport in the circulatory system. The enterocytes of the intestinal mucous assimilate serotonin through a serotonin transporter (SERT), and then they degrade it by means of monoamine oxidase (MAO). The amount of serotonin left enters the circulation through the capillary area in the submucous of the intestinal wall. Upon reaching the circulatory flow, most serotonin is sequestered by SERT inside platelets, where it is stored as dense granules [24]. Like many other cell types, platelets have the ability to degrade serotonin under the form of granules by means of MAO [25]. Besides, circulating platelets may release serotonin as a response to stimuli, in which case it may result in vessel constriction and stimulation of platelet aggregation and thus coagulation [26].



Taking into account numerous factors, including sample contamination by platelets, physiopathological alterations inducing platelet frailty or anticoagulant methods for plasma isolation, it is difficult to assess the level of free serotonin in the bloodstream. Given these difficulties of assessment, it is common practice to use as a detection procedure the detection in urine of the serotonin metabolites, as they are much stabler, such as the 5-hydroxyindolacetic acid (HIAA) [27].




2.3. Metabolism of Serotonin


Most of the serotonin amount is degraded by MAO enzyme. MAO has two isoforms: MAO-A and MAO-B, the MAO-A enzyme displaying a much higher affinity for serotonin [28]. The MAO-dependent catabolic product of serotonin is the 5-hydroxyindol aldehyde, which is further metabolized to 5-hydroxyindolaceticacid by action of enzyme aldehyde-dehydrogenase [29]. Serotonin may also be metabolized to N-acetyl-serotonin by means of enzyme arylalkylamin-N-acetyltransferase and then to melatonin under the action of the enzyme hydroxyindole O-methyl transferase [30]. As shown above, serotonin may also be metabolized by means of IDO to follow the pathway of kynurenine.




2.4. Signal Mediation by Serotonin upon Receptors


Serotonin may bind to one of the specific receptors (hydroxytryptamine receptors-HTR), classified in seven families (HTR1-7) [31]. Except for HTR3, which is a ligand-gated ionic channel, the other six families contain receptors coupled with G protein (guanine nucleotide-binding proteins). Thus, serotonin is able to initiate two intracellular mechanisms: membrane depolarization or alterations of the G protein mediated by secondary messengers such as cyclic adenosine monophosphate (cAMP), inositol triphosphate (IP3), and diacylglycerol (DAG). In short, the HTR1 and HTR5 families initiate the transmission of the signal coupled with the Gi/G0 protein, which subsequently reduce the level of cAMP. On the contrary, the HTR4, HTR6 and HTR7 are coupled with the Gs protein and increase the cellular cAMP level. Finally, the HTR2 family is coupled with Gq/G11 proteins and rise IP3 and DAG levels [32]. Gi, G0, Gq and G11 are proteins from the G protein family. When the serotonin binds the receptors in the human body, a series of biochemical phenomena take place, which produce effects on various human organs. For example, the binding of serotonin to 5-HT3 serotonergic receptors induces nausea and vomiting. The binding of serotonin to 5-HT1B receptors dilates cerebral blood vessels with the onset of migraine.



By activating the 5-HT2C and 5-HT1C serotonergic receptors, bradycardia occurs by decreased heart rate below 60. The decreasing of heart rate occurs by activating the amplified vasopressin baroreceptor reflex and consequently increasing vagal tone, along with decreasing the tone of the sympathetic system.




2.5. Roles of Serotonin on Human Body


Serotonin is a compound that behaves like a hormone in the blood and that acts as a neurotransmitter in the brain. In other words, serotonin is one of the communication units that neurons capture and emit to influence each other, creating brain activation dynamics and chain effects. Thus, serotonin favours the crossing of information between neurons and that, beyond the brain, serves very different purposes. In fact, the highest concentrations of serotonin are not in the brain but in the gastrointestinal tract. In the intestines, the serotonin has a very important role in the regulation of digestion. Too high levels of serotonin are linked to the appearance of diarrhea, while an excessive deficit of this compound can cause constipation. In addition, serotonin also influences the appearance or absence of appetite. General maladjustment in the production of serotonin can have drastic effects on several factors that affect the mood and behaviour. Serotonin has been associated with the symptoms of depression, since people with a disorder of this type tend to have low concentrations of serotonin in the blood. Among the basic maintenance functions of the integrity of the human body that could be related to serotonin is thermal regulation. A correlation between serotonin levels and sexual libido has been proven. High levels of serotonin are associated with a lack of sexual desire, while low levels would promote the appearance of behaviours aimed at satisfying this need. Serotonin also serves to stabilize the emotional state of the human being in stressful situations. Specifically, it serves to inhibit aggressiveness and violent behaviours that can derive from it. Throughout the day, serotonin levels increase and decrease, describing the curves of the circadian rhythm. In this way, the production of serotonin influences regulating the ability to sleep, favouring or hindering the conciliation of sleep. Several studies have revealed that serotonin levels could affect bone density; high circulating levels of serotonin in the gut could be related to lower bone density and osteoporosis [33,34,35].





3. Analytical Methods of Serotonin Detection


Taking into account the importance of serotonin in the human body, the accurate measurement of serotonin concentration in biological samples is of utmost interest to research.



Abnormal serotonin levels have been associated with hypertensive neuropsychiatric disorders, neurodegenerative diseases, vascular complications from metabolic disorders, and diabetes. In addition, high or low levels have been observed in various diseases, such as carcinoid tumours, depressive disorders and diabetes. In these cases, serotonin values were found to be around 300 nM in the blood and 3 nM in the cerebrospinal fluid in depressed patients. Values of approximately 300 µM were detected in urine samples from patients with carcinoid tumours. Normal serotonin values are in the range of 270 nM–1490 nM in serum, 300 nM–1650 nM in urine and below 0.0568 nM in cerebrospinal fluid [35].



To date, various analytical techniques for serotonin detection have been applied, among which spectrophotometry [36], high-performance liquid chromatography (HPLC) [37,38,39,40,41,42], chemiluminiscence [40,41], fluorescence [43,44,45], electrophoresis [46,47,48,49,50], as well as electrochemical techniques can be mentioned.



Traditional analysis methods provide sensitive and selective serotonin detection in complex samples, but they generally require a long time, are expensive, need chemical reagents and solvents, need complex processing and may only be performed by qualified personnel [51,52,53].



The techniques based on electrochemical detection have a series of attractive features that make them useful in analytical practice, such as short analysis time, low cost, use of low-concentration aqueous solutions, simple sample preparation, etc. Besides, they are highly sensitive, being able to detect serotonin directly in biological samples, thus being useful in on-line, in-line, on-site and real-time screening tests, etc. [52]. The main disadvantage of these methods is low selectivity, which may, however, be considerably improved by using innovative sensitive materials or biological receptors. [53].



However, the complementarity between the methods and the possibility of establishing correlations between the results obtained by various techniques are features to take into account. The electrochemical sensors could be validated by the standard method and used for screening analysis as rapid tests.



Electrochemical sensors may be classified into two types, such as enzymatic sensors/biosensors and non-enzymatic sensors [54]. The former are based on the efficiency of the biocatalitic activity of enzymes, while the latter depend on the electrocatalytic properties of sensitive materials, which favours electro-oxidation reactions.



The first non-enzymatic sensors were manufactured using conventional electrodes such as glassy carbon, platinum and gold electrodes. Even if these materials are inert, the high potential necessary to electrooxidize serotonin at the level of the working electrodes often leads to fouling the detection interface owing to the phenomenon of absorbing the oxidation product on the electrode surface. This undesirable process modifies the surface of the working electrode and results in reduced sensitivity, selectivity and reproducibility [55].



In order to significantly decrease the electrooxidation potential of serotonin, many nanomaterials have been created, characterized and used, such as noble metals, polymeric/metallic composites, transitional metals/metallic oxides, hydroxides, carbon nanocomposites, in building modified electrodes [56]. In this manner, one may obtain sensors with superior analytical features, e.g., wide linearity range and low detection limit. Nonenzymatic sensors may be analysed from several points of view, such as according to the sensitive material, design or detection mechanism.



For the electrochemical detection of serotonin, the voltammetric techniques are usually employed. Among these techniques, cyclic voltammetry (CV), square wave voltammetry (SWV) and differential pulse voltammetry (DPV) are the most used [57]. Cyclic voltammetry is a technique very useful for initial electrochemical studies of unknown systems for obtaining information regarding the complex reactions at the electrode surface [58]. In the case of SWV, the potential between the working electrode and a reference electrode is changed over time, following a pulse pattern. SWV is highlighted by a very good sensitivity, the absence of background currents and a high working speed [59]. DPV is a fast and effective electroanalytical technique, which is widely used since it reduces the effects of background currents, and that is why the results are characterized by high sensitivity and low detection limits [60].



This review presents the recent evolutions and applying various electrochemical sensors based on various nanomaterials to detect serotonin. The content mainly covers articles published in the last decade, highlighting the sensitive nanomaterials used, analytical characteristics, detection methods and mechanisms of electro-oxidation of serotonin on non-enzymatic electrodes.



3.1. Nonenzymatic Detection of Serotonin


Developing novel sensitive materials for applications in the field of electrochemical sensors is a very promising research direction. In the past few decades, the progress made in the field of nanotechnology and nanomaterials has led to creating sensors with high sensitivity, selectivity, stability and reproducibility [61]. Another important feature that was greatly improved due to nanotechnologies was sensor miniaturization and integrating the entire measurement-performing system (e.g., voltammperometric measurements) into a single device [62]. Thus, it ensures system portability and the use of a very small volume of sample to analyse.



Numerous sensitive materials, such as carbon, nano-carbon, glassy carbon, carbon nanotubes, graphene oxides, gold nanoparticles, platinum nanoparticles, benzofuran derivatives, Nafion/Ni(OH)2, and polyalizarin-S, were used to measure serotonin in various experimental conditions [63,64,65,66,67,68,69,70,71,72,73,74,75,76,77,78,79,80,81,82,83,84,85,86,87,88,89,90,91,92,93,94,95,96,97,98,99,100,101,102,103,104].



Irrespective of the material used to build the sensor, the mechanism of the serotonin oxidoreduction includes a process of transferring 2 electrons and 2 protons, resulting in the formation of the quinone derivative, as shown in Figure 2.



The use of different sensing materials mainly affects the redox process by the lowering of the peak potential and increment of the peak current. Furthermore, the existence of nanostructures in the sensitive layer also improves the selectivity, for example, by the specific steric selective interaction between the serotonin and the active centre from the sensor surface.



3.1.1. Sensors Based on Carbonaceous Nanomaterials and Their Composites


The high electrical conductivity of carbonaceous nanomaterials has made these indispensable in various technical fields [105]. Due to the miniature size of these nanomaterials, the electroconductive properties of these nanostructures may only be exploited if they are homogeneously incorporated in adequate matrices [106].



A recent article describes the creation and use of a new nanocomposite consisting of multi-walled carbon nanotubes (CNT) functionalized with benzofuran derivatives (DC) and ionic liquid (IL), in order to modify a glassy carbon electrode (GC). Two well-defined redox peaks were observed for the benzofuran derivative immobilized on the glassy carbon electrode by the direct transfer of electrons between the benzofuran derivative and the GC electrode. It was observed that the novel sensor manifests excellent electrochemical activity regarding norepinephrine (NE) and serotonin (5-hydroxytryptamine, 5-HT) oxidation.



The detection mechanism of this sensor is shown in Figure 3.



An electrocatalytic behaviour for NE oxidation on the IL-DC-CNT/GC surface could through the electrochemical–chemical (EC) catalytic mechanism. In this scheme, NE is oxidized in the catalytic chemical reaction (C’) by the oxidized form of 7-(1,3-dithiolan-2-yl)-9,10-dihydroxy-6H-benzofuro[3,2-c]chromen-6-one (DCox), this product being obtained through an electrochemical (E) reaction. As a result, NE is oxidized at a potential of 180 mV on the IL-DC-CNT/GC surface, while the same NE is oxidized at a potential of 400 mV on the unmodified electrode. The detection process takes place is the same way for serotonin.



Besides, no obvious interference was discovered in NE and 5-HT detection in the presence of compounds that may generate interferences, such as the ascorbic acid and the uric acid, which coexist with NE and 5-HT in biological samples. Differential pulse voltammetry showed two linearity ranges between the sensor signal and the concentration of the NE, 0.1–30 µM and 30–1000 µM, and one linearity range, 5–900 µM, for 5-HT. The detection limits for NE and 5-HT were 49 nM, and 2 µM, respectively. The potential difference of 220 mV between the peaks corresponding to NE and 5-HT is big enough to allow for the simultaneous measurement of the mixture of NE and 5-HT, without significant interference. The very good sensitivity and selectivity of the voltammetric responses and the very low detection limit, together with the ease of manufacture, make the modified electrode a very useful tool in the accurate determination of the content of NE and 5-HT in human serum [102].



In another article dealing with an electrode of glassy carbon (GC) modified with multi-walled carbon nanotubes (MWCNTs) and Nafion/Ni(OH)2. Nafion/Ni(OH)2-MWCNTs/glassy carbon electrode (GCE) sensor was used for the electrochemical oxidation of dopamine and serotonin, using cyclic voltammetry, differential pulse voltammetry, and chronoamperometry.



The nanometric characteristics of Ni(OH)2 were studied by means of scanning electron microscopy (SEM) and transmission electron microscopy (TEM). Figure 4a shows a typical image of Ni(OH)2 synthesized by the precipitation-coordination method onto MWNTs. It may be seen that Ni(OH)2 is shaped like a plate and the size is 50–80 nanometres, as well as a slight agglomeration. Figure 4b shows a TEM image of the nanometric characteristics of Ni(OH)2. The TEM results show that nanoparticles have the same size as in the SEM image, proving the efficiency of the deposition technique.



The modified electrode worked as an effective electron mediator in the electrochemical detection of dopamine and serotonin in the presence of ascorbic acid. The voltammetric techniques were able to separate the anodic peaks of dopamine and serotonin, and the interference with the ascorbic acid was negligible in dopamine and serotonin measurements.



The data obtained from the differential pulse voltammetry showed that the anodic peak currents were directly proportional to concentration within the range 0.05–25 µmol·L−1 with the detection limit of 0.015 µmol·L−1 for dopamine, and the concentration range 0.008–10 µmol·L−1 with the detection limit of 0.003 µmol·L−1 for serotonin. The electrode is a useful sensor in serotonin electroanalysis because the manufacturing process is simple, it has a wide linearity range, a low detection limit, high stability and good reproducibility [103].



The next study focuses on a new stable and sensitive electrochemical sensor, developed by a double modification of a glassy carbon electrode (GCE) with poly-alizarin red S (AzrS) and multi-walled carbon nanotubes (MWCNTs). The chemically modified sensor (poly-AzrS/MWCNTs/GCE) was used to study the electrocatalytic oxidation of serotonin in a 0.1 M phosphate buffer solution of pH 6 by means of electrochemical techniques, such as cyclic voltammetry, differential pulse voltammetry, and electrochemical impedance spectroscopy.



The scheme of sensor development and detection mechanism are shown in Figure 5.



The electrochemical sensor is efficient in mediating electron transport between the electrochemical reaction and the electrode in the detection of serotonin. Also, the sensor shows well-separated oxidation peaks for serotonin and adrenalin in the case of the simultaneous detection of these analytes in the same solution. This study focused on the effect of experimental variables on the electrochemical behaviour (the potential scan rate, pH of the solution, simultaneous detection, accumulation time, and concentration). The detection and quantification limits of serotonin were 1.8 × 10−7 mol·L−1, and 17.52 × 10−7 mol·L−1, respectively. The electrochemical sensor was used in the direct analysis of serotonin in human serum samples, exhibiting higher sensitivity, stability and reproducibility as compared to the unmodified glassy carbon electrode [104].



Another study makes a comparison between the performance of the unmodified glassy carbon electrode and the modified glassy carbon electrode with poly(L-arginine)(P-Arg), reduced graphene oxide (rGO) and gold nanoparticles (Au NPs) in order to obtain an electrode used for the simultaneous detection of dopamine, serotonin and L-tryptophan in the presence of ascorbic acid. The modified GCE was developed by layer-by-layer deposition and electrochemical deposition. The morphology of the modified electrode surface was studied by means of scanning electronic microscopy, and the electrochemical characterizations were carried out by cyclic voltammetry and electrochemical impedance spectroscopy. The modified electrode showed an excellent electrochemical activity towards dopamine (DA), serotonin (5-HT) and L-tryptophan (L-Trp) at pH 7. The sensor responses obtained by differential pulse voltammetry were as follows: for dopamine, the peak current was linearly dependent with the concentration in two ranges, 1–50 nM and 1–50 µM, the applied potential was 202 mV (vs. Ag/AgCl), and the detection limit was 1 nM; for serotonin, 10–500 nM and 1–10 µM, 381 mV, 30 nM, and, for L-tryptophan, 10–70 nM and 10–100 µM, 719 mV, 0.1 µM. The GCE/P-Arg/rGO/Au NP electrode could successfully separate the voltammetric signals of the targeted analytes, obtaining well-defined peaks by means of differential pulse voltammetry. The sensor has a high electrochemical activity, efficiency, excellent stability and reproducibility towards the electrooxidation of dopamine, serotonin and L-tryptophan. Therefore, the sensor may be used in the analysis of dopamine, serotonin and L-tryptophan in biological samples and used in medical diagnosis [107].



Very good results were also obtained in serotonin detection when using sensors based on an electrode modified by a hybrid nanocomposite poly(3,4-ethylenedioxythiophene)—reduced graphene oxide–silver nanoparticles (PEDOT/rGO/Ag NPs). The structure and properties of the nanocomposite material were described and characterized by various methods, such as X-ray photoelectron spectroscopy (XPS), X-ray diffraction (XRD), SEM, TEM, Fourier-transform infrared (FT-IR), UV-Vis and Raman spectroscopy. The results of the electrochemical impedance spectroscopy (EIS) revealed a very low resistance of the transfer rate (198 Ω) for the modified electrode. The sensor shows good performance in serotonin detection, using various electrochemical techniques such as cyclic voltammetry, differential pulse voltammetry, and chronoamperometry. Better sensing properties of the PEDOT/rGO/Ag NPs/GCE sensor were obtained when the differential pulse voltammetry was used as the detection technique, with a low detection limit of 0.1 nM, high operational stability, reproducibility, short response time and high sensitivity. The electrochemical response of PEDOT/rGO/Ag NPs/GCE towards serotonin was studied by DPV. Figure 6a shows DPV curves of a sensor in serotonin solutions of various concentrations obtained by the successive addition of serotonin amounts in phosphate buffer solution (PBS) of pH = 7.4. Figure 6b shows the linear dependence between the oxidation peak current of the sensor and serotonin concentration.



The oxidation of serotonin at the sensitive element of PEDOT/rGO/Ag NPs/GCE occurred at 0.280 V and it had a good linear response within the range 1 nM and 0.5 mM. The detection limit obtained was 0.1 nM. The analysis of the real samples and the interference studies proved that the modified electrode may be successfully used in the medical and pharmaceutical fields [108].



Another team of researchers developed a sensitive and selective electrochemical sensor for serotonin detection based on silver selenide self-assembled on reduced graphene (rGO-Ag2Se). The mechanism of serotonin detection with the sensor based on rGO-Ag2Se is presented in the Figure 7.



The facilitation of the electron transport of rGO-Ag2Se increases the anodic peak current due to the serotonin oxidation at the electrode-sensitive surface.



The size of nanoparticles was assessed to be about 60–70 nm by high-resolution electron transmission microscopy (HR-TEM). In the absorption spectrum of rGO-Ag2Se in the UV range, a maximum was observed at 258 nm. X-ray diffraction (XRD) confirmed the amorphous character of rGO and the crystalline structure of Ag2Se nanoparticles. The surface of the glassy carbon electrode (GCE) was modified with rGO-Ag2Se and studied by means of cyclic voltammetry and electrochemical impedance spectroscopy. A clear anodic peak related to serotonin oxidation was observed both by cyclic voltammetry and by differential pulse voltammetry. Cyclic voltammetry proved that rGO facilitates electron transport and hence the increase in the redox peak current. By means of electrochemical impedance spectroscopy, it was found that the resistance of the transfer velocity of rGO-Ag2Se is 81.3 Ω and also the existence of electron transfer facilitation at the level of rGO-Ag2Se/GCE. In optimal conditions, rGO-Ag2Se/GCE has good sensitivity for serotonin detection, and the sensor’s response is directly proportional to serotonin concentration within the range 0.1 to 15 µM with a detection limit of 29.6 nM. The sensor manufactured in this study has good stability (18 days), high selectivity and satisfactory results on real samples, being a useful tool in diagnosing illnesses associated to abnormal serotonin release [109].



Another class of sensor used in serotonin detection is those based on screen-printed technology. An interesting paper described a new electrochemical sensor specifically developed for the simultaneous detection of norepinephrine and serotonin. The electrochemical behaviour of norepinephrine and serotonin was studied by means of cyclic voltammetry and square wave voltammetry with a screen-printed electrode (SPE) modified with an MWNTs-ZnO-chitosan composite. The potentials of the peaks related to norepinephrine and serotonin were around 90 and 280 mV, respectively, with a very good separation of the peaks, which may facilitate the simultaneous analysis of both analytes in complex samples. The results showed that the electrochemical response to norepinephrine and serotonin was much improved due to the important catalytic activity of the sensitive material. The currents of the peaks related to noradrenaline and serotonin linearly depend on their concentrations in the ranges 0.5–30 µM and 0.05–1 µM, respectively, with detection limits of 0.2 and 0.01 µM. The modified electrode, MWNTs-ZnO-chitosan/SPE, should be stored at 4 °C; in this condition, it remains stable for 3 months. The sensor based on screen-printed technology is low cost and highly replicable. The sensor may be successfully used in analyzing norepinephrine and serotonin in clinical samples [110].



Another paper proposed a novel and simple method to detect serotonin in mouse brain tissue, using a sensor based on MWCNTs/Al2O3/chitosan deposited on a screen-printed electrode. This electrode showed excellent electrocatalytic activity to serotonin oxidation on real samples of brain tissue. Square wave voltammetry was used to optimize the experimental conditions for sensing. The sensor displayed excellent voltammetric responses of high sensitivity towards serotonin in optimal conditions. The current of the peak related to serotonin is proportional to a serotonin concentration between 0.01 and 1.0 µM, with a detection limit of 0.005 µM. As compared to the high-performance liquid chromatography (HPLC) method, the proposed method also has good results in detecting serotonin at the brain level and may be used in depression diagnosis. The experimental results showed that the modified electrode may be used in the fast detection of serotonin in depressions, with the potential to become a future monitoring tool in such neurological disorders [111].



In a study also aimed at detecting serotonin, a new sensitive electrochemical method is described, using a sensor based on edge plane pyrolytic graphite (EPPGS) modified with polymelamine. Melamine was used to modify the sensitive surface through electropolymerization on the EPPGS, in acidic conditions. The purpose was the forming of a conducting polymer layer on the EPPGS, in order to increase the sensitivity and selectivity. To characterize the surface of the conducting polymer-modified sensor, the researchers used field emission scanning electronic microscopy (FE-SEM) and electrochemical impedance spectroscopy. Electrochemical measurements were performed using square wave voltammetry and cyclic voltammetry. Square wave voltammograms were recorded in 20 µM serotonin solution (support electrolyte PBS of pH 7.2) both with the unmodified EPPGS and for the polymelamine modified EPPGS using the SWV optimized parameters. The results obtained are presented in Figure 8.



When applying a potential from 0 to 600 mV, a well-defined peak was observed at the modified sensor (328 mV) and the unmodified sensor (340 mV) corresponding to serotonin oxidation. A remarkable improvement of the current peak with a less positive serotonin oxidation potential in the case of the modified EPPGS, as shown in Figure 8, clearly evinces that the polymelamine modified sensor has excellent electrocatalytic properties, which improve the kinetics of the electrochemical process of serotonin oxidation. Therefore, the polymelamine-modified sensor showed excellent electroanalytical activity towards the electrochemical serotonin oxidation, with a more intense peak and a shift of peak potential to a less positive potential as compared to the unmodified sensor.



The linearity range for serotonin detection was situated between 1–100 and 0.1–100 µM with a detection limit of 492 nM for the unmodified sensor and 30 nM for the conducting polymer-modified sensor. For validation of the modified sensor, serotonin detection was performed in human serum and plasma with good results. Additionally, the sensor was able to successfully separate the voltammetric signal of serotonin from the signals of the metabolites normally present in biological fluids. The efficiency of the sensor in this study was therefore clearly proved for serotonin detection. The wide linearity range, low detection limit, long-term stability and reproducibility provide successful approaches to extend the method proposed for the analysis of serotonin in clinical samples [112].



The following work describes the sensing performances of a high quality nanohybrid material containing graphene (GR) encapsulated in an alloy of AuAg, with homogeneous structure. The nanohybrid material has a homogeneous structure and the synthesis is possible with good reproducibility, without the need for an external stabilizer, reducing agents or polymer-based ligands. Due to the advantages of a unique molecular architecture, this nanohybrid material was used as an efficient electrocatalyst in electroanalysis. The AuAg-GR-based sensor is useful in identifying and detecting the serotonin neurotransmitter in a wide concentration range, between 2.7 nM and 4.82 µM, and it has a very low detection limit of 1.6 nM. The interferences are insignificant, and the reproducibility of measurements is excellent. In addition, the AuAg-GR-based sensor was successfully used in the accurate detection of serotonin in human samples [113].



The sensors based on carbonaceous materials and their nanocomposites presented above are useful in the detection of serotonin. It could be remarked that the carbonaceous nanomaterials facilitate the electron transfer and have high electrocatalytic activities, electron transfer rates, and high electrical conductivity. The role of other components in the sensitive layer is, in general, to increase the sensitivity and the selectivity. In all cases, the detection mechanism of serotonin by voltamperometric sensors includes the transfer of two electrons and two protons, which take place at a lower potential do to the catalytic properties of the sensitive layer. The kinetics of the redox process is even more influenced by the sensitive compounds, increasing the detection rate and the sensitivity. The detection technique most appropriate for the quantification of serotonin seems to be DPV, but even the difficulty to achieve the optimal parameters for the measurements is less highlighted.




3.1.2. Sensors Based on Conducting Polymers and Their Composites


Glassy carbon electrodes (GCEs) have been widely used for electrochemical determinations due to their remarkable physical and chemical characteristics. GCEs have a low oxidation rate and are chemically inert. For these reasons, these electrodes have been modified with various polymers for the electrochemical determination of neurotransmitters such as serotonin and dopamine.



The development of conducting composite materials has the purpose the maintaining of the useful properties of each component and the improving of the sensitive characteristics due to synergistic effects between the components.



Filik et al. developed the electrochemical sensor based on the GCE modified with poly-(safranine O) to detect serotonin in human serum. GCE was modified by electrooxidizing polymerization of safranin O by applying a potential between -0.8 and 1.2 V vs. Ag/AgCl at a scan rate of 50 mV/s (15 cycles). The simultaneous detection of serotonin, ascorbic acid and dopamine was successfully achieved due to the relatively low background current and different electrochemical potentials for oxidation of dopamine and ascorbic acid [114].



Gong et al. used 5,5-ditetradecyl-2- (2-tri-methylammonioethyl) -1,3-dioxane bromide (DTDB) self-assembled bi-layer lipid membrane (BLM) attached to the surface of the GCE to electrochemically detection of serotonin. DTDB/GCE was manufactured by adding a solution of DTDB and chloroform to the electrode surface, followed by immersing the electrode in a phosphate buffer solution, pH 6.0. The modified electrode showed a significant improvement in the electrochemical response of serotonin with a decrease in over potential by about 30 mV, which led to the detection of serotonin in the presence of interfering compounds such as ascorbic acid. GCE/DTDB demonstrated an effective elimination of the interference phenomenon from ascorbic acid, at a concentration of ascorbic acid 100 times higher compared to serotonin [115].



Simultaneous detection of norepinephrine and serotonin cannot be performed on a GCE due to overlapping oxidation potentials and electrode contamination. To overcome these shortcomings, a 3-amino-5-mercapto-1,2,4-triazole (AMTa) film was used to modify the surface of a GCE. The development of this modified electrode was performed by the electropolymerization of AMTa by application of a potential from -0.2 to 1.7 V with a scan rate of 50 mV/s. Thus, with this modified electrode, the simultaneous detection of norepinephrine and serotonin with a potential difference of 150 mV between norepinephrine and serotonin was obtained [116].



Wang et al. developed an electrochemical sensor for the detection of serotonin using a GCE coated with a film of C-undecyl-calix resorcinarene, this compound acting as a molecular receptor. A potential of +1.75 V was applied for 300 s, followed by a cyclic voltammetry scan at a potential between 0.30 and 1.25 V, at a scan rate of 50 mV/s [117].



Selvarajan et al. developed a new nanocomposite containing silver, polypyrrole and copper oxide (Ag/PPy/Cu2O) using ultrasonication and oxidative polymerization. For this purpose, Ag NPs-decorated Cu2O was covered with a layer of polypyrrole, and the resulting composite was drop casted on the surface of the GCE. The nanocomposite shown showed high electrocatalytic activity, acceptable repeatability, stability, rapid response, and good selectivity to compounds interfering in serotonin detection [118].



A recent work described a new electrochemical sensor based on the nanocomposite material SnO2-SnS2 for the selective and simultaneous detection of the biomarkers involved in depression (serotonin and tryptophan) in the presence of ascorbic acid. The composite material SnO2-SnS2 obtained through one hydrothermal method was characterized using XRD, FE-SEM, FITR, UV-Vis, electrochemical impedance spectroscopy, cyclic voltammetry, and square wave voltammetry. The glassy carbon electrode modified with SnO2-SnS2 exhibited two well-defined oxidation peaks at 0.43 and 0.83 V, corresponding to serotonin and tryptophan, respectively, in a phosphate buffer solution at pH 7. In optimal conditions linear dependences were obtained between the peak currents and the analyte concentrations in the range 0.1–700 µM for serotonin, and 0.1–800 µM for tryptophan, with low detection limits of 45 and 59 nM, respectively. The excellent performance characteristics of this sensor were attributed to the synergic effect between SnO2 and SnS2 and the fact that the electrochemically active surface of SnO2-SnS2 is much larger than that of regular electrodes. The applicability of the sensor used in this study was proved for detecting serotonin and tryptophan in human serum and spirulina samples. As a result, the sensor based on SnO2-SnS2 could be useful in the analysis of serotonin and tryptophan in clinical and diagnosis research [119].



Another study describes for the first time the synthesis of a new hybrid structure based on CeO2-Au nanofibers (CeO2-Au NFs) and RuO2 nanowires (RuO2NWs) through a combination of processes consisting of electrospinning and thermal annealing. The hybrid CeO2-Au nanofibers were manufactured through one technique, which include electrospinning and annealing. The amorphous precursors were efficiently converted at a relatively low temperature into a RuO2NWs-CeO2-Au NFs monocrystalline structure. The new RuO2NWs-CeO2-Au NFs hybrid structure, combined with graphite oxide (GO) and functionalized multi-walled carbon nanotubes (f-MWCNTs), were further employed to modify a screen-printed carbon electrode (SPCE) to develop a useful and sensitive electrochemical method for the simultaneous detection of serotonin, dopamine, and ascorbic acid. The scheme of the manufacturing process and the detection principle of the sensor is shown in Figure 9.



In optimal working conditions, linear models for calibration were obtained in the ranges 0.01–150, 0.01–120 and 0.5–100 µM with detection limits of 2.4, 2.8 and 160 nM for serotonin, dopamine, and uric acid, respectively. The electrochemical sensor developed in this study facilitated the oxidation processes of the analytes, shifting the oxidation potentials towards lower values, thus avoiding the overlap of the oxidation peak potentials, and ensuring a better resolution. This sensor was successfully used in detecting serotonin, dopamine and uric acid in biological fluids and pharmaceutical samples [120].



A study from 2020 reports the electrochemical detection of serotonin with a polypyrrole (PPy) modified carbon screen-printed electrode (SPCE) doped with green ferric oxide (III) nanoparticles. The green ferric oxide nanoparticles were synthetized from the leaf extract (Fe3O4NPsL) and flowers extracts (Fe3O4NPsF), respectively, of the plant Callistemon viminalis. The modified carbon screen-printed electrodes, SPCE-PPy-Fe3O4NPsL and SPCE-PPy-Fe3O4NPsF, demonstrated good electrocatalytic activity in detecting serotonin compared to other electrodes reported in literature. The dynamic range of serotonin detection had detection limit values between 0.007 and 0.1 µM for the SPCE-PPy-Fe3O4NPsL electrode, and 0.021 and 0.020 for the SPCE-PPy-Fe3O4NPsF electrode, respectively. Limit of detection (LOD) values proved that the SPCE-PPy-Fe3O4NpsF sensor is more efficient, while the SPCE-PPy-Fe3O4NPsL sensor showed an optimal current response to serotonin and had the best results in terms of stability and simultaneous detection in the presence of 100 nM ascorbic acid and 0.1 nM serotonin. Furthermore, the SPCE-PPy-Fe3O4NPsL and SPCE-PPy-Fe3O4NPsF sensors were successfully used for the analysis of serotonin in fruits (bananas) [65]. In conclusion, the modified screen-printed electrode showed faster electron transport, as well as a better electrochemical response in the detection of serotonin compared to other electrodes. Serotonin detection at the modified SPCE-PPy-Fe3O4NPs electrode was a diffusion-controlled process. The study also demonstrated that the SPCE-PPy-Fe3O4NPsL and SPCE-PPy-Fe3O4NPsF sensors could be used to detect serotonin in real samples.



In the case of sensors and their nanocomposites, the excellent sensing properties towards serotonin could be remarked even in complex samples and in the presence of competing and noncompeting analytes. It could be related to the synergic effects of nanostructures which include conducting polymers and doping agents or other electroactive nanomaterials. Additionally, the conducting polymers are biocompatible and could be used for reducing the effects of biofouling and interferences. The DPV detection technique could assure the sensitive and selective detection of serotonin in the complex samples, in the presence of other electroactive compounds such as dopamine, ascorbic acid, uric acid, etc. The design of sensors, which seems to be more appropriate in the practice, is the screen-printed one. This design includes all the electrodes on the same device, is easy to connect to the potentiostat/galvanostat and requires a small amount of sample.



It can be stated that research on the simple, sensitive and selective detection of serotonin by means of electrochemical sensors were successfully accomplished. The electrochemical sensors were based on various sensitive nanomaterials and nanocomposites with an electrocatalytic effect for serotonin oxidation. The sensitive properties were improved by using optimal working conditions (e.g., pH, temperature, and support electrolyte) and the use of sensitive voltammetric techniques (e.g., differential pulse voltammetry).



As is presented in this review, there is a wide variety of electrochemical sensors used to detect serotonin. In order to summarize the studies presented above, the analytical performances of the main electrochemical sensors developed mainly in the last 10 years used for serotonin detection, are included in Table 1.



As can be seen in the Table 1, a great variety of sensors based on nanomaterials were developed for the detection of serotonin in different samples, using different detection techniques with remarkable analytical performance characteristics. The linearity ranges and the LODs are appropriate for the direct detection of the serotonin in real samples for interest in the medical diagnosis. The samples require minimal processing because the sensors are the main interfering chemical species slightly affect the sensor responses.






4. Conclusions and Future Trends


The technological advancements in the past decade allowed for designing and manufacturing a wide range of sensors based on nanomaterials with various applications in analytical chemistry. One of these applications is the detection of biologically active molecules present in the human body, which participate in various biological processes and whose detection is of utmost importance. The sensors described in the present review paper are mainly based on carbon hybrid nanomaterials, conducting polymers, metal oxides/hydroxides nanoparticles, etc. These nanomaterials are known as remarkable sensitive compounds due to their good electrocatalytic properties, high electrical conductibility, and the existence of numerous active sites. These properties result in increased accuracy, sensitivity and selectivity of the electrochemical sensors. Besides, these nanomaterials have contributed to sensor miniaturization. This review focused on the main electrochemical sensors based on nanomaterials used for serotonin detection in clinical and pharmaceutical samples. Most electrochemical sensors detected the serotonin in the samples with high accuracy, high sensitivity and adequate selectivity, thus being useful tools in clinical analysis, in diagnosis research and in quality control. The main advantages of the electrochemical sensors based on nanomaterials used for the detection of serotonin are the overall miniaturization of sensor design and the portability of the system, the rapidity of the measurements, low amount of sample, appropriate selectivity, and the facility to implementation in the practice.



However, the synthesis of novel nanomaterials with proper chemical functions and controlled morphology able to improve the process of electroanalytical oxidation of serotonin is still necessary. Furthermore, the use of biocatalysts immobilized in/on nanomaterials is necessary to increase the selectivity of electrochemical sensors. These improvements of the sensitive element, together with knowledge of the detection mechanism, may contribute to obtaining reliable sensors for practical applications. One of the relevant applications is detecting serotonin in blood for children with autistic spectrum disorders, taking into account that their haematoencephalic barrier is very permeable compared to the adults’. Another important application is detecting serotonin in food products in which serotonin is a quality and/or authenticity marker. Potential applications of the electrochemical sensors based on nanomaterials in real application are especially in the point-of-care field. Directly screening and testing of serotonin in the home, on site or in primary care could facilitate rapid diagnosis, monitoring, and treatment of diseases related to this biomarker.
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Figure 1. Serotonin synthesis and degradation to 5-hydroxyindolaceticacid (adapted from [20]). 
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Figure 2. Electrochemical oxidation of serotonin (adapted from [63]). Serotonin (oxidized)—Serotonin quinonimine. 
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Figure 3. Detection mechanism of the sensor based on a glassy carbon electrode modified with multi-walled carbon nanotubes functionalized with benzofuran derivatives and ionic liquid. Reprinted from [102] with permission of publisher. 
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Figure 4. (a) SEM image of the MWNTs—Ni(OH)2 nanocomposite film deposited on glassy carbon electrode (GCE); (b) TEM image of Ni(OH)2 powder (b). Reprinted from [103] with permission of publisher. 
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Figure 5. Detection mechanism of poly-AzrS/multi-walled carbon nanotubes (MWCNTs)/glassy carbon electrode (GCE) sensor towards serotonin [104]. 






Figure 5. Detection mechanism of poly-AzrS/multi-walled carbon nanotubes (MWCNTs)/glassy carbon electrode (GCE) sensor towards serotonin [104].



[image: Chemosensors 09 00014 g005]







[image: Chemosensors 09 00014 g006 550] 





Figure 6. (a) Differential pulse voltammograms of the poly(3,4-ethylenedioxythiophene) (PEDOT)/reduced graphene oxide (rGO)/silver nanoparticles (Ag NPs)/GCE sensor immersed in a solution of serotonin of different concentrations: (I) 0.4 µM, (II) 0.6 µM, (III) 0.8 µM, (IV) 1 µM, (V) 1.8 µM, (VI) 2.0 µM, (VII) 2.4 µM, (VIII) 3.2 µM, (IX) 4.0 µM, (X) 6.0 µM, (XI) 8.0 µM, (XII) 10 µM, (XIII) 15 µM, (XIV) 25 µM, (XV) 29 µM, (XVI) 35 µM, (XVII) 44 µM. The electrolyte was phosphate buffer solution (PBS) of pH 7.4. The inset figure shows the electrochemical oxidation of serotonin. (b) Linear relationship between the peak current and serotonin concentration. Reprinted from [108] with permission of publisher. 
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Figure 7. Mechanism of serotonin electrochemical detection. Reprinted from [109] with permission of publisher. 
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Figure 8. Comparison between square-wave voltammograms (SWVs) obtained with (a) unmodified edge plane pyrolytic graphite (EPPGS) sensor and (b) polymelamine modified EPPGS sensor in 20 µM serotonin solution (electrolyte was PBS at pH 7.2). Reprinted from [112] with permission of publisher. 
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Figure 9. Scheme of the fabrication process and the detection mechanism of a sensor based on RuO2NWs, CeO2, Au nanofibers (Au NFs), GO and functionalized multi-walled carbon nanotubes (f-MWCNTs) towards serotonin. Reprinted from [120] with permission of publisher. 
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Table 1. Electrochemical sensors used for serotonin detection.
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	No
	Modifying Material
	Detection Technique
	Linear Range
	LOD
	Sensitivity
	Real Sample
	Interference Studied
	Reference





	1
	Glassy carbon electrode modified with carbon nanotubes with multiple walls functionalized with benzofuran derivatives and ionic liquid IL-DC-CNT/GC
	DPV
	5–900 µM
	2 µM
	0.073 A/M
	human blood serum
	L-lysine, glucose, lactose, fructose, sucrose, L-asparagine, L-glutamic acid, L-glycine, L-cysteine, D-penicillamin, L-tryptophan, uric acid and ascorbic acid
	[102]



	2
	Glassy carbon electrode modified with carbon nanotubes with multiple walls and Nafion/Ni(OH)2 Nafion/Ni(OH)2-MWNTs/GCE
	DPV
	0.008–10 µM
	0.003 µM
	4.991 A/M
	human blood serum
	uric acid, ascorbic acid. 3,4-dihydroxyphenylacetic acid, citric acid, glutamic acid,

glucose
	[103]



	3
	Glassy carbon electrode modified with poly-alizarin red S and multi-wall carbon nanotubes poly-AzrS/MWCNTs/GCE
	CV, DPV, EIS
	0.5–11 µM
	0.18 µM
	0.364 A/M
	Human serum
	epinephrine
	[104]



	4
	Glassy carbon electrode modified with poly(L-arginine), reduced graphene oxide and gold nanoparticles GCE/P-Arg/ErGO/Au NP
	DPV
	10–500 nM, 1–10 µM
	30 nM
	5.5758 A/M

1.3436 A/M
	urine
	glucose, urea, citric acid
	[107]



	5
	Glassy carbon electrode modified with PEDOT-reduced graphene oxide and silver nanoparticles PEDOTNTs/rGO/Ag NPs/GCE
	CV, DPV, CA
	1 nM–0.5 mM
	0.1 nM
	14.304 µA·mM−1/cm2
	bovine assayed multi-sera
	ascorbic acid, uric acid, tyrosine
	[108]



	6
	Glassy carbon electrode modified with silver selenide self-assembled on reduced grapheme rGO-Ag2Se/GCE
	CV, EIS
	0.1–15 µM
	29.6 nM
	0.5133 A/M
	Alzheimer’s patient’s serum
	ascorbic acid, glucose
	[109]



	7
	Screen-printed electrode modified with a mixture of multi-wall nanotubes, zinc oxide and chitosan MWNTs-ZnO/chitosan/SPE
	CV, SWV
	0.05–1 µM
	0.01 µM
	1.892 A/M
	rat cerebrospinal fluid
	ascorbic acid, norepinephrine
	[110]



	8
	Screen-printed electrode modified with a mixture of multi-wall nanotubes, aluminium oxide and chitosan MWNTs-Al2O3/chitosan/SPE
	SWV
	0.01–1 µM
	0.005 µM
	3.76987 A/M
	rat brain
	glucose,

citric acid, ascorbic acid, dopamine
	[111]



	9
	Screen-printed electrode modified with polypyrrole, green iron oxide nanoparticles SPCE-PPy-Fe3O4NPs
	CV, SWV
	0.007–0.1 µM
	0.020 µM
	6.36066 µA/μM
	banana
	ascorbic acid
	[65]



	10
	Polymelamine modified edge plane pyrolitic graphite sensor EPPGS
	CV, SWV, EIS
	0.1–100 µM
	30 nM
	0:088 µA/μM
	urine
	dopamine, serotonin, xanthine, hypoxanthine
	[112]



	11
	Graphene encapsulated in an alloy of AuAg AuAg-GR
	CV
	2.7 nM–4.82 µM
	1.6 nM
	0.766

A·μM−1

·cm−2
	human serum
	ascorbic acid, uric acid, glucose
	[113]



	12
	Nanocomposite material SnO2-SnS2
	CV, SWV, EIS
	0.1–700 µM
	45 nM
	3.179 µA/μM
	human

blood
	tryptophan, ascorbic acid
	[119]



	13
	Hybrid structure CeO2 nanofibers and RuO2 nanowires RuO2NWs CeO2NFs
	DPV
	0.01–150 µM
	2.4 nM
	4.0642 µA/μM
	human cerebrospinal fluid, serum, blood plasma
	Glucose, L-tryptophan, methionine, leucine, cysteine, glycine, folic

acid, alanine, arginine, tyrosine, caffeine, L-dopa, uric acid
	[120]



	14
	3-amino-5-mercapto-1, 2, 4-triazole modified GCE

AMTA/GCE
	CV, DPV
	0.001–50 µM
	0.0132 nM
	0.05 µA/μM
	blood plasma
	urea, glucose, oxalate
	[116]



	15
	Boron-doped diamond thin-film electrode
	CV, HV
	0.01–50 µM
	10 nM
	25 nA/μM
	-
	histamine, 5-hydroxyindoleacetic

acid
	[121]



	16
	Carbon spheres/GCE
	DPV
	40–750 µM
	700 nM
	0.09 µA/mM
	pharmaceutics
	uric acid, oxalate, glucose, L-cysteine, glutathione, folic acid, levodopa
	[122]



	17
	PEDOT modified platinum electrode
	CV, LSV
	20–100 µM
	71 nM
	-
	urine
	ascorbic acid, glucose
	[123]



	18
	Nafion membrane-coated colloidal gold SPE
	DPV
	0.05–1.0 µM
	10.0 nM
	0.1495 µA/μM
	platelet-rich plasma
	dopamine,

uric acid, ascorbic acid
	[124]







Hydrodynamic Voltammetry (HV); Linear Sweeping Voltammety (LSV); Chronoamperometry (CA).
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