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Abstract


Developing rapid, sensitive detection methods for 3,4-Methylenedioxymethylamphetamine (MDMA) is crucial to reduce its current misuse in the world population. With that aim, we developed an aptamer-modified tin nanoparticle (SnNP)-based nanoarchitecture as an electrochemical sensor in this study. This platform exhibited a high electron transfer rate with enhanced conductivity arising from its large surface area in comparison to the bare electrode. This observation was explained by the 40-fold higher electroactive surface area of SnNPs@Au, which provided a large space for 1.0 μM AptMDMA (0.68 ± 0.36 × 1012 molecule/cm2) immobilization and yielded a significant electrochemical response in the presence of MDMA. Furthermore, the AptMDMA-modified SnNPs@Au sensing platform proved to be a simple yet ultrasensitive analytical device for MDMA detection in spiked biological and water samples. This novel electrochemical aptasensor showed good linearity in the range of 0.01–1.0 nM for MDMA (R2 = 0.97) with a limit of detection of 0.33 nM and a sensitivity of 0.54 ohm/nM. In addition, the device showed high accuracy and stability along with signal recoveries in the range of 92–96.7% (Relative Standard Deviation, RSD, 1.1–2.18%). In conclusion, the proposed aptasensor developed here is the first to combine SnNPs and aptamers for illicit compound detection, and it offers a reliable platform for recreational drug detection.
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1. Introduction


The compound 3,4-Methylenedioxymethylamphetamine (MDMA) is a drug that falls under the category of amphetamine-type stimulants (ATS). It was first synthesized in 1912 by Merck as an appetite suppressant [1]. To date, there are no recognized medical applications of MDMA; however, due to its entactogenic action, MDMA is being investigated for potential use in psychiatry in the treatment of social anxiety symptoms, such as lack of communication and low empathy [2,3,4]. It is structurally similar to mescaline and amphetamine, which promote hallucinogenic and stimulant effects, respectively [5,6] and, ultimately increase drug misuse. Additionally, MDMA is reported as a major recreational drug with a high risk of depression, insomnia, impulsive behavior, irritability, and impaired cognition which may lead to fatal arrhythmia and ultimately cause death.



MDMA quantification for monitoring abuse primarily relies upon whole blood and urine specimens, which are analyzed under optimized laboratory conditions mainly via Gas Chromatography (GC) and High-Pressure Liquid Chromatography (HPLC) [7,8]. Classical techniques, such as suspended droplet-based liquid–liquid extraction and supported liquid extraction, require incubation, washing, and separation during sample processing. These techniques to functionally quantify analytes, however, are expensive and time-consuming, primarily because of the complexity of preliminary sample preparation techniques [9,10]. To broadly enable the analysis, the developed sensor for drug testing should be simple, rapid, and cost-effective.



Recently, aptamers (Apt) have emerged as an area of interest and excellent alternatives to chromatography and electrophoresis for active identification [11,12]. They are oligonucleotide-based affinity probes that exhibit advantages of higher selectivity, stability, and sensitivity over antibodies [13,14]. Additional superior attributes of Apt include the relative simplicity through which nucleic acids can be engineered in vitro to integrate affinity and signal-transducing properties into a single moiety. These properties of Apt make them attractive in analytical chemistry, where they identify the target via hydrogen bonding, van der Waals, or electrostatic interactions. They provide an excellent platform for sensor development (such sensors are termed ‘aptasensors’) due to their easy fabrication, customizable modification, and ultraselective detection properties. However, a single family of Apt can exhibit affinity for chemically related targets, such as structural or chemical analogs of the original selection target, and this cross-recognition can be exploited in the development of sensors. Additionally, the introduction of hydrophobic moieties into aptamers also expands the diversity of interactions between aptamers and targets [15].



Electrochemical sensors work on the principle of electron transfer between modified sensing surfaces and electrolytes, in which redox reactions are evaluated to confirm device development [16,17]. This simple measurement procedure improves the quantitative detection of the target analyte [18]. Once an aptamer-modified surface is fabricated, a decrease in the current is observed due to the non-conducting nature of the biological entity [19,20]. Further conformational changes in the aptamer in the presence of the target also bring more polyanionic nucleic acids close to the surface, which contributes to greater resistance [21].



Over the last decades, nanotechnology has been introduced to analytical methods and sensing technologies to improve the sensitivities of platforms. In this direction, metallic nanomaterials such as iron [22], zinc [23,24], nickel [9,25], and tin [18,26] have been suggested as promising matrices for the sensing application. Tin nanoparticles (SnNPs) are especially promising materials that exhibit unique physicochemical properties to promote transduction processes in electrochemical sensors. The electrical and thermal properties of this group IV transition metal depend upon their size and morphology. In bulk Sn metal, electronic energy levels are distributed to form quasi-continuum bands, which are further replaced with the quantum confinement effect, and bands with discrete levels are generated when the Sn size is reduced to the nano range. Additionally, the cubic or tetragonal crystal phase of SnNPs provides a combination space for biological recognition molecules, such as aptamers [27,28]. Furthermore, the high electronic conductivity [29] and high specific capacity [30] of SnNPs will improve electronic machinery in electrochemical sensing technologies. To date, several studies have been reported on SnO2-based electrochemical sensors for small metal detection [31,32], but no studies have been published on SnNPs-based electrochemical aptasensors in biomedical diagnostics.



Electroanalytical techniques have become indispensable tools in modern analytical chemistry, and electrochemical methods have also been used for determining amphetamine-type substances (ATS). We recently designed an aptamer-modified gold nanoflower (AuNF)-based electrochemical aptasensor and demonstrated its sensitivity for amphetamine detection in spiked urine samples [33]. Following a similar concept, an aptamer-based electrochemical sensor for MDMA detection was designed in the present study, in which SnNPs-modified electrodes were used as an immobilization platform for a previously described aptamer with an affinity for ATS (referred to here as AptMDMA). For successful fabrication of AptMDMA on an SnNPs-based gold electrode (SnNPs@Au), the platform was functionalized with cysteamine (Cys) and glutaraldehyde (Glu) for covalent bonding between aptamers and the electrode surface. Subsequent to optimization and analytical validation, the aptamer-based sensor was applied in the analysis of biological specimens, such as spiked human urine, blood, and water. Limited studiesreporting on sensors for MDMA detection and none has utilized aptamers for MDMA identification. This is the first study to combine SnNPs and aptamers for the detection of illicit compounds.




2. Experimental Section


2.1. Chemicals and Reagents


The (±)-3,4-Methylenedioxymethamphetamine solution (MDMA; 1.0 mg/mL in methanol), Amphetamine (AMP; 1.0 mg/mL in methanol), 4-Hydroxybutyric acid sodium salt solution (GHB; 1.0 mg/mL in methanol), and Glu solution (50 wt% in water) were purchased from Sigma Aldrich, India. Additionally, N-Ethyl-N′-(3-dimethylaminopropyl)carbodiimide (EDC), N-hydroxysuccinimide (NHS), 2-(N-morpholino)ethanesulfonic acid (MES), 6-Mercapto-1-hexanol (6-MCH), potassium chloride (KCl), Tris, ethylenediaminetetraacetic acid (EDTA), anisole, benzaldehyde, potassium hexacyanoferrate (III) (K3Fe(CN)6), and potassium ferrocyanide (K4Fe(CN)6) were commercially obtained from SRL Pvt. Ltd., Mumbai, India. The EDC (2.0 mM)-NHS (5.0 mM) solution was freshly prepared in 100 mM MES solution (pH 5.0) at room temperature (24 ± 3 °C).




2.2. Apparatus and Procedures


Data acquisition for electrochemical measurements was performed with EC-Lab V11.10 software on a Biopotentiostate workstation (BioLogic science Instrument, Thane West, India, model no. SP 150). This three-electrode cell system was used to execute Cyclic Voltammetry (CV), Electrochemical Impedance Spectroscopy (EIS), and Differential Pulse Voltammetry (DPV). SnNPs were synthesized as per the literature. Morphological characterization was obtained by Scanning Electron Microscopy (SEM) with Energy-Dispersive X-ray (EDX) spectroscopy at Ozone Scientific, Bengaluru, India. Additionally, a High-Resolution Field-Emission Scanning Electron Microscope (FESEM; NOVA NANOSEM-450,FEI, GG Eindhoven, The Netherlands) was used at Jamia Millia Islamia University, New Delhi, to measure the stepwise fabrication of the electrode. X-ray diffraction (XRD; D2 Phaser, Brukers, Billerica, MA, USA) and Fourier transform infrared spectroscopy (FTIR; Nicolet iS5, Thermo Scientific, Waltham, MA, USA) were used to evaluate the structural properties of the nanoparticles at Amity University Uttar Pradesh (AUUP), Noida, India. X-ray photoelectron spectroscopy (XPS; PHI5000 Version Probe III, ULVAC-PHI, Inc., Osaka, Japan) of SnNPs was conducted at SRM University, Chennai, India.




2.3. Synthesis and Characterization of Tin Nanoparticles (SnNPs)


The SnNPs (~80 nm) used in this study were prepared using the electrical explosion method, as previously reported in our laboratory [34]. For morphological characterization, SEM was performed at 25 kV beam energy. The XRD-based characterization of SnNPs was performed at a 1.54 Å wavelength of Cu K-α at a scan rate of 1°/min. The crystal size (D) was calculated with Debye–Scherrer’s equation, which is:


  D =   K λ    (  β c o s θ  )    ,  



(1)




where K is the dimensionless Scherrer shape constant (0.94), λ is the wavelength (1.54 Å), β is the full width at half maximum (FWHM), and θ is the Bragg angle. Further elemental analysis of the nanoparticles was determined by EDX using silicon drift detectors (SDD) at 25 kV beam energy. The functional group and coordination of the SnNPs were analyzed via FTIR in the frequency range of 500–4000 cm−1. Samples for XPS studies were prepared by slow evaporation of a nanomaterial suspension deposited on a 1 cm2 silicon support. The spectra were recorded with Al mono radiation of 55 eV as the binding energy.




2.4. Preparation of AptMDMASolutions


The amino-functionalized aptamer, which we refer to here as AptMDMA [35], was synthesized and HPLC-purified by Integrated DNA Technologies (IDT), USA, with a sequence of 5′-(NH2)-(CH2)6-ACGGTTGCAAGTGGGACTCTGGTAGGCTGGGTTAATTTGG-3′. Although the secondary structure of AptMDMA has not been reported, we note the existence of consecutive guanosine residues (underlined) that could potentially form a guanosine quadruplex. Solutions of 0.5, 1.0, 1.5, and 2.0 μM AptMDMA were prepared in 1X TE buffer (10 mM Tris-HCl, pH 8.0, 1 mM EDTA) and stored at 4–8 °C until further use.




2.5. Electrochemical Characterization of AptMDMA/SnNPs@Au


The gold electrode was cleaned with a solution of H2SO4 and H2O2 (v/v 3:1) for 30 min and washed with distilled water. Then, the electrode was immersed in water and ethanol solution (1:1 ratio) for at least 20 min. Before SnNPs deposition, the nanomaterial was oxidized to tin ions by mixing them with 1.0 M HCl solution, and the sample was vacuum oven-dried for 90 min at 70 °C. Later, the sample was allowed to come at the room temperature and was scraped to collect SnNPs in powder form. The dried SnNPs were mixed with 0.25 M NaCl and ultra-sonicated for 15–20 min to disperse the nanoparticles for use as electrolytes for electrode fabrication. The electrodeposition of oxidized SnNPs on a gold electrode was optimized via Chronocoulometry (CC), which was performed at −0.1 V for 15, 30, and 45 min. Finally, the redox potential was studied between −0.5 V and 0.5 V at a scan rate of 100 mV/s, and the EIS study was performed in a frequency range of 1.0 MHz–500 MHz in 5.0 mM [Fe(CN)6]3−/4− electrolyte in the presence of 0.1 M KCl.



The AptMDMA/SnNPs@Au-based sensor in our study was prepared through the following steps. First, the prepared SnNPs@Au electrode was submerged in 1.0 mM Cys at 4–8 °C overnight to place –NH2 groups on the surface. Later, the modified electrode was allowed to incubate in 2.5% Glu solution for 1 h, followed by the activation of carboxylic groups after treatment with freshly prepared EDC (2.0 mM)-NHS (5.0 mM) solution for another 1 h at room temperature. After this, the EDC-NHS/Cys/SnNPs@Au electrode was incubated in varying concentrations of AptMDMA (0.5, 1.0, 1.5, and 2.0 μM) to optimize the aptamer concentration. AptMDMA was allowed to deposit onto the modified electrode via the drop-cast method at 4.0 °C overnight. Later, AptMDMA/SnNPs@Au was incubated in 10 μM 6-MCH for 1 h, which displaced nonspecifically adhered Apt to achieve a well-aligned oligonucleotide monolayer. Finally, electrochemical transduction of AptMDMA/SnNPs@Au was studied by CV and EIS with a potential between −0.5 V and 0.5 V at a scan rate of 100 mV/s and a frequency range of 1.0 MHz–500 mHz, respectively, in 5.0 mM [Fe(CN)6]3−/4− electrolyte in 0.1 M KCl.



To determine the effective surface area of the electrode, the electrochemical response of bare Au, SnNPs@Au, and AptMDMA/SnNPs@Au electrodes were evaluated at scan rates of 20–100 mV/s. As per the Randles–Sevcik equation for electrochemical processes [36,37], the electrochemically accessible surface area of the electrode was calculated via the following equation:


  I    (  m A  )  =  (  2.69 ×   10  5   )  A ·  D  ·    n 3    ·  v  · C ,  



(2)




where I is anodic peak current (mA), A is the electroactive surface area of the electrode (cm2), D is the diffusion coefficient (7.2 × 10−6 cm2/s for [Fe(CN)6]3−/4− in 0.1 KCl solution [38]), n is the number of electrons transferred in the redox event (generally 1), C is the concentration of electrolyte (mol/cm3), and ν is the scan rate (mV/s), which was varied from 20–100 mV/s. Electrochemical measurements were obtained via CV from a potential range of −0.5 to +0.5 V in 5.0 mM [Fe(CN)6]3−/4− electrolyte in the presence of 0.1 M KCl solution.




2.6. Determination of Aptasensor Response to MDMA Analyte


To measure the efficiency of the AptMDMA/SnNPs@Au electrode, the fabricated aptasensor was incubated with samples that contained 0.001, 0.01, 0.1, 0.2, 0.4, 0.6, 0.8, and 1.0 nM MDMA, followed by immersion in 5.0 mM [Fe(CN)6]3−/4− electrolyte in the presence of 0.1 M KCl solution for Potentiostatic Electrochemical Impedance Spectroscopy (PEIS) in a frequency range of 1.0 MHz- 500 mHz (Note: PEIS is a useful technique to measure impedance at different voltages in a given frequency range). The limit of detection (LOD) and sensitivity of the sensor was calculated from the calibration curve obtained at different impedances. The LOD calculation was based on the standard deviation of the response (Sy) of the curve and the slope of the calibration curve (S) at levels approximating the LOD according to the formula:


  L O D = 3.3  [     S y   S   ]  ,  



(3)







On the other hand, sensitivity refers to the ratio of the output change ΔRct to the input change ΔMDMA under steady-state operation, which is the slope of the output-input characteristic calibration curve. For the aptasensor described in this study, sensitivity was calculated by the following formula:


  S e n s i t i v i t y =   Δ  R  c t     Δ M D M A   c o n c .      (  n M  )    ,  



(4)







The incubation time of the MDMA sensor was also optimized by allowing the target MDMA to bind with the AptMDMA/SnNPs@Au electrode for 5, 15, 30, 45, 60, 75, 90, 105, or 120 min. Then, PEIS was performed in the frequency range of 1.0 MHz–500 mHz in 5.0 mM [Fe(CN)6]3−/4− electrolyte in a 0.1 M KCl solution. The aptasensor was regenerated after each step of target binding by rinsing with 6.0 M urea solution with continuous stirring for 10 min at 35 °C.




2.7. Optimization of Analytical Parameters


The effect of pH on the analytical performance of the AptMDMA/SnNPs@Au electrode was evaluated at pH values of 4.5, 5.0, 5.5, 6.0, 6.5, 7.0, 7.5, 8.0, 8.5, 9.0, and 9.5 in the presence of 0.1 PBS (137 mM NaCl, 2.7 mM, 10 mM Na2HPO4, and 1.8 mM KH2PO4). PEIS was recorded in the frequency range of 1.0 MHz–500 mHz in 5.0 mM [Fe(CN)6]3−/4− and 0.1 M KCl electrolyte solution. Furthermore, the selectivity of the developed electrochemical aptasensor was assessed by evaluating the electrochemical response in the presence of interferents, including 0.33 nM AMP, GHB, aspirin, benzaldehyde, benzoic acid (BA), and aniline. Furthermore, the stability of the developed aptasensor was also measured over a month, during which DPV was performed under optimum conditions once per week. The precision and reproducibility of the developed aptasensor were evaluated via inter- and intra-batch studies, in which the electrochemical response of the AptMDMA/SnNPs@Au electrode was recorded every 2 h for 10 h (a total of six times) or at fixed times on alternate days for six successive measurements.




2.8. MDMA Detection in Real Samples


The efficacy of the developed aptasensor was evaluated by measuring the electrochemical analytical performance of the AptMDMA/SnNPs@Au electrode in the presence of spiked biological and water samples. Four human urine and blood samples were obtained from the Biodiagnostic Lab., East Rohini, New Delhi, India, and stored at −20 °C before use. Urine samples were used within one day of being received. Particulate matter was removed from urine samples via a 5.0 μm filter syringe, and the filtrate was further diluted 100 times with 0.1 M phosphate buffer (75.4 mM Na2HPO4 and 24.6 mM NaH2PO4; pH 7.4) and equilibrated for 30 min at room temperature. Then, 0.1 mL of each processed urine sample was spiked with MDMA to a final concentration of 0.1, 0.4, 0.7, or 1.0 nM, and electrochemical responses were recorded via PEIS in a frequency range of 1.0 MHz to 500 MHz in 5.0 mM [Fe(CN)6]3−/4− and 0.1 M KCl solution. Signal responses were compared to those of control samples, which were urine samples that did not contain the MDMA analyte. Each sample was measured three times on AptMDMA/SnNPs@Au electrodes, and the Relative Standard Deviation (RSD%) was calculated. Similar experiments were performed with spiked water samples to further evaluate the analytical performance of the developed aptasensor.





3. Results and Discussion


3.1. Strategy of Aptasensing for MDMA Detection


In this work, a novel electrochemical aptasensor was constructed for MDMA detection, as illustrated in the Scheme 1. Oxidized SnNPs were prepared and then electrochemically deposited onto the gold electrode. This approach combines the advantages of a high surface area for more aptamer deposition and an excellent electrochemical response to the target analyte [10,39,40]. Fabricated SnNPs were further functionalized with Cys to provide an NH2 group on the surface that reacts with the carboxylic group of Glu and ultimately provides a binding site for amino-functionalized AptMDMA. AptMDMA can anchor to the large surface area of the SnNPs-modified electrode through covalent attachment [21,41]. Based on extensive precedent from other aptamers, it is presumed that the AptMDMA strands will change their conformation and flexibility upon noncovalently binding with MDMA. The conformational changes of aptamers are expected to alter the accessibility of the electrode surface, thereby affecting the current flow [42]. This ultimately results in reduced electron transfer between the modified electrode and electrolyte solution, which is the major determining factor in electrochemical sensing technologies.




3.2. Characterization of SnNPs


The morphology and surface structure of prepared SnNPs were analyzed by SEM, as shown in Figure 1a,b. The synthesized SnNPs were uniform in both size and shape with a mean diameter of ~60 nm, as determined from the crystal size analysis in XRD. The EDX spectra are also presented in the inset of Figure 1c, which confirm the presence of tin within the nanomaterial.



An XRD analysis was performed to evaluate the crystalline properties and identify the prepared SnNPs. The XRD pattern in Figure 2 demonstrates diffraction peaks at 30.6, 32.2, 43.9, 55.4, 62.3, and 65.5°, corresponding to (101), (110), (200), (301), (103), and (321) planes, respectively, of tetragonal SnNPs [43,44,45] (Table 1). This result confirms that the samples prepared are indeed SnNPs with no crystal impurities. The average crystalline sizes were calculated via the Scherrer equation for the two most intense ((101) and (110)) planes and were found to be 53 nm and 37.5 nm, respectively, which supports the results obtained in SEM imaging.



For further elucidation of the composition phase and chemical state of the prepared nanomaterial, X-ray photoelectron spectroscopy (XPS) was also performed to investigate its surface chemical state. The presence of Sn, O, and C elements was confirmed in the XPS data, as shown in Figure 3a, with high-resolution XPS spectra for Sn 3d3/2 and Sn 3d5/2 (Figure 3b). The Sn 3d5/2 and Sn 3d3/2 peaks were fitted by peaks at binding energies of 485.5, 487.2, and 494.3 eV, which correspond to Sn, Sn+2, and Sn+4 [46]. However, XPS data also exhibited two small peaks of O 1s at 533 and 973 eV, but FTIR data confirm a negligible amount of oxygen in the system. Thus, these peaks in XPS might be of oxygen present in the environment while performing XPS. In summary, our results appear to verify the purity of the prepared nanomaterial elements in the metallic state.




3.3. Electrochemical Characterization of Aptasensor


To prove the feasibility of biosensing with the aptasensor described above, PEIS and CV were used to study the interfacial properties of the electrode during the sequential stages of its fabrication. PEIS measures charge transfer resistance (Rct) values, which represent charge transfer kinetics in the absence of mass transfer limitation and are inversely proportional to the exchange current between the electrolyte and the sensing surface. Figure 4a illustrates the Nyquist graphs of the electrode during its stepwise modification. It shows that the impedimetric response decreased at SnNPs@Au (Rct = 226 Ω) compared to the bare electrode (Rct = 360.9 Ω), which further increased for the AptMDMA/SnNPs@Au-modified electrode (Rct = 1.055 kΩ). This result indicates that SnNPs had the highest conductivity with a high surface area, which supports a dynamic balance of the Sn° = Sn2+ + 2e− mechanism. The presence of Sn2+ and the induced electron contributing conductance in the system caused low Rct values [47,48]. On the other hand, the negative charges on the phosphodiester backbone of AptMDMA caused the repulsion of redox species [49,50], thus reducing the redox reaction and enhancing the Rct value to 98.2% from the bare electrode.



The variation in Rct values in Nyquist graphs is consistent with CV data in our study, as shown in Figure 4b. The bare electrode exhibited well-defined anodic and cathodic peak currents due to the reversible interconversion of the redox-active electrolyte [Fe(CN)6]3−/4−. The CV of an electrochemical system is characterized by the separation of forward and reverse peak potentials (ΔEp) to exhibit electron transfer kinetics between the electrode and the analyte, which determine the electrochemical reversibility of the system [51,52]. If the system is reversible, the analyte is stable upon reduction and can subsequently be reoxidized, a condition in which ΔEp should be more than 0.058 V. Similarly, the ratio of cathodic and anodic currents to achieve a stable redox system was also reported to be 1.0 [52]. Our study also exhibited a well-defined quasi-reversible redox voltammogram with a ratio of anodic and cathodic peak current (Ia/Ip) of ~1.0 and peak-to-peak separation ratio (ΔEp) of 0.439 V, hence confirming the development of a stable, reversible system. Following the electrodeposition of SnNPs onto the Au electrode, its reversibility was similar to that of the bare electrode, yet the peak current significantly exceeded that of the bare Au electrode. Furthermore, ΔEp between oxidation and reduction was also decreased to 0.177 V, indicating higher conductivity and improved electron transfer between the SnNPs@Au electrode and redox probe [53]. Once AptMDMA was immobilized onto the SnNPs@Au surface, the electrode exhibited a significant decrease in peak current, consistent with the generation of a kinetic barrier between the negatively charged phosphate backbone of the aptamer and the [Fe(CN)6]3−/4− electrolyte [54,55].



The conducting properties of the SnNPs@Au-modified surface likely arise from its high surface area, which was calculated by the Randles–Sevcik equation. Figure 5 shows a linear relationship between redox current peaks and the square root of the scan rate of bare and SnNPs@Au-modified electrodes. As per Equation (2), the bare electrode has a surface area of 0.034 mm2, which increased ~40-fold after successful SnNPs electrodeposition. The large electroactive surface area of SnNPs@Au (1.42 mm2) not only improves the sensitivity of the sensor but also provides a large area for AptMDMA immobilization [10,56].



The modification of the working electrode with SnNPs and the AptMDMA probe was also confirmed by FESEM, as shown in Figure 6. The FESEM micrograph indicates that the morphology of SnNPs is spherical, yet the surface is rough (Figure 6b). This enhances the crystalline nature of the materials and thus provides a high electroactive surface area and large space for aptamer immobilization. Furthermore, Figure 6c,d indicates successful immobilization of AptMDMA on the SnNPs surface.



To demonstrate the process of electrode fabrication, we also performed FTIR at each step of electrode modification in the range of 500–4000 cm−1, as shown in Figure 7. The peaks at around 522 and 602 cm−1are assigned to the Sn-O stretching modes of Sn-OH and Sn-O-Sn, respectively [57], (Figure 7a). The small dip in the absorption peak at 1623 cm−1 is ascribed to hydroxyl group stretching, which indicates a negligible amount of surface-absorbed water [58,59]. Further fabrications with Cys@SnNPs and Glu@Cys@SnNPs are shown in Figure 7b,c. The peaks under the early fingerprint region, mainly 630 cm−1, are ascribed to the stretching vibration of C-S bonds on Cys@SnNPs, which confirms the first step of surface modification [60]. The peaks ranging between 1016 to 1199 cm−1 in Figure 7b show C = S stretching, corresponding to the thiocarbonyl group of Cys, while the other end containing the –NH2 group remains free for Glu attachment [61]. Furthermore, the peak at 1330 cm−1 corresponds to the C-H bending of Cys, which diminishes after Glu immobilization and confirms electrode modification. Another characteristic peak at 1717 cm−1 is also diminished in Figure 7c, which corresponds to the involvement of the –C = O bond of Glu with Cys. In addition, the peak at 1634 cm−1 corresponds to regeneration after –NH2-functionalized AptMDMA immobilization on the Glu@Cys@SnNPs surface, which is explained by the overlapping of imino group absorption, formed by the reaction between the –COO− group of Glu and the –NH2 group of AptMDMA [62]. The characteristic peak in Figure 7d is at 2075.1 cm−1, which is the C≡C or C≡N stretching of nitrogenous bases of the aptamer, and thus confirms the AptMDMA immobilization. Another peak at 2981 cm−1 represents the tetrahedral CH bond in the nucleotide, which is responsible for H-bonds among the Apt to maintain the structural integrity. Additionally, peaks in the range of 990–1011 cm−1 in Figure 7d correspond to the P-O-C stretching of aliphatic phosphates present in the phosphate group of AptMDMA. Thus, these peaks confirm that SnNPs are linked to Cys with a thiol group, which is further modified with Glu via amide II bonds. This prepared Glu@Cys@SnNPs surface is functionalized with AptMDMA via string covalent bonds between the crosslinker Glu and the –NH2 group of the Apt.




3.4. Optimization of Experimental Conditions


To improve the sensitivity and performance of the aptasensor, the electrochemical responses of SnNPs@Au were evaluated as a function of various parameters that are expected to affect its performance. First, the deposition time of SnNPs could significantly influence the conductivity of the sensor, as a prolonged time of SnNPs electrodeposition can potentially deform the fabricated layers due to clumping [63]. Additionally, the multi-layer formation of nanomaterials on the electrode surface via electrochemical nucleation and growth decreases the electrochemical reactivity of the sensor [64]. Therefore, the electrochemical responses of SnNPs@Au were measured after the electrodeposition of SnNPs for 5, 15, 30, and 45 min. As shown in Figure 8a, the peak current in DPV was highest for electrodes fabricated with 15 min of electrodeposition in comparison to 30 and 45 min electrodeposition. We suspect that the longer times of SnNPs deposition may promote dense surface clustering that modestly inhibits electron exchange between the electrode and the solution.



The incubation time of the target with the AptMDMA/SnNPs@Au electrode was also evaluated by incubating MDMA with the electrode for 5–120 min. As illustrated in Figure 8b, the ΔRct values increased with time from 0 to 30 min and then held steady at longer times. Therefore, 30 min was considered the optimum incubation time in the current study. To evaluate the effect of AptMDMA concentration on the sensitivity of the modified electrode, aptamer densities on the surface were calculated following the method reported by Liu et al. [65]. In the presence of 0.5, 1.0, 1.5, and 2.0 μM AptMDMA, the surface densities of the aptamer were estimated to be (3.16 ± 0.17), (680 ± 360), (840 ± 110), and (900 ± 130) × 109 molecules/cm2, respectively. As illustrated in Figure 8c, the Rct values increased with increasing AptMDMA concentration (AptMDMA probe density), which indicates a large quantity of negatively charged AptMDMA on the surface. ΔRct value was the maximum for the 1.0 μM AptMDMA/SnNPs-modified electrode, with a lower signal for 1.5 μM AptMDMA and little or no electrochemical response for 0.5 and 2.0 μM AptMDMA (Figure 8d). Therefore, we selected 1.0 μM AptMDMA in our study for further aptasensor development.




3.5. Analytical Performance of Aptasensor


The electrochemical sensing of the AptMDMA/SnNPs@Au platform was tested using impedimetric measurements to investigate its ability and analytical performance in MDMA detection. As illustrated in Figure 9a, the impedance intensity of the aptasensor increases with increasing MDMA concentration from 0.001 to 1.0 nM as a result of efficient analyte capture by AptMDMA, resulting in mass and electron transfer hindrance on the surface [66,67]. A linear relationship between ΔRct (defined as ΔRct= Rct, MDMA − Rct, aptamer) and the MDMA concentration was observed in the range of 0.1–1.0 nM MDMA, as shown in Figure 9b, and can be expressed as a linear regression equation (Equation (5)) with a slope of 721 Ω/nM, a y-intercept of 259 Ω, and a correlation coefficient of 0.972. The limit of detection (LOD) of the sensor was calculated as 0.33 nM (defined as the analyte concentration at which signal/noise = 3) with a sensitivity of 0.54 Ω/nM.


  Δ  R  c t    ( Ω )  = 721  [   MDMA   conc  .    (  nM  )   ]  + 258.6    (   R 2  = 0.97  )  ,  



(5)







The above results establish that electrochemical amplification of MDMA detection was successfully achieved and that the SnNPs-based electroconductivity led to the effective sensitivity of the system, as expected. Our method compares favorably to other MDMA sensing strategies, as shown in Table 2.




3.6. pH and Scan Rate of Aptasensor


To evaluate the effective pH for the efficient function of the aptasensor, PEIS data were recorded for the AptMDMA/SnNPs@Au electrode in the presence of 0.33 nM MDMA in phosphate buffer at pH values ranging from 5.5–9.5. As shown in Figure 10, the aptasensor exhibited the highest impedance at pH 7.5, which indicates efficient functioning of the AptMDMA/SnNPs@Au electrode near physiological pH; real-world measurements should include the pH adjustment of biological samples such as urine to approximately pH 7.5 to maximize sensitivity.



The relationship between the scan rate and redox current peak was determined to shed light on the electrochemical mechanism of the AptMDMA/SnNPs@Au electrode. When the peak current is proportional to the square root of the scan rate, then the process can be considered to be diffusion-controlled, while if it is linearly proportional to the scan rate, then it can be considered to be adsorption-controlled. Figure 11a shows the recorded voltammogram at scan rates of 20 to 100 mV/s in the presence of 0.33 nM MDMA. The CV graph shows that cathodic and anodic peak currents increased linearly with increasing scan rates. A scan rate of 50 mV/s was selected for subsequent experiments to obtain high sensitivity while minimizing the background noise of the current. The linear calibration curves between the redox peaks current (I) and scan rate, illustrated in Figure 11b, confirm an adsorption-controlled redox process in the sensor. The relation between the current and scan rate can be expressed as:


   I  an    (  mA  )  = 6 ×   10  5   [   ν     (  mV ·      s    − 1    )   ]  − 0.008    (   R 2  = 0.993  )  ,  



(6)






   I  ca    (  mA  )  = − 4 ×   10   − 5      [   ν     (  mV ·      s    − 1    )   ]  − 0.006    (   R 2  = 0.993  )  ,  



(7)








3.7. Selectivity and Stability of the Aptasensor


To assess the specificity of the aptasensor for MDMA detection, ΔRct was measured for potential interferents: AMP, GHB, aspirin, anisole, BA, and benzaldehyde, each at 0.33 nM. As illustrated in Figure 12, most of these potential interferents did not significantly perturb responses in comparison to the result obtained from MDMA. The single exception was AMP, whose chemical similarity to MDMA limits the selective detection of one compound to the exclusion of the other. The unavailability of potential major interfering recreational drugs, such as cocaine and ATS compounds such as heroin, preclude the evaluation of the selectivity of the aptasensor developed in our study with respect to these compounds. Moreover, the PEIS signal of the interferent mixture with MDMA was also similar to the current obtained in the presence of only MDMA, which indicates the potential selectivity of MDMA detection.



The long-term stability of the aptasensor was evaluated by a storage assay, in which our sensor was stored at (4 ± 0.1) °C for 15 days, after which it retained 97% of its initial response (Figure 13). Furthermore, the impedimetric responses of AptMDMA/SnNPs@Au in the presence of 0.33 nM MDMA were recorded for intra- and inter-batch studies, which confirmed the high reproducibility of the sensor with RSD% of 1.7% and <2.4%, respectively (Table 3). Thus, the experimental results suggest the acceptable selectivity, stability, and reproducibility of the aptasensor.




3.8. Performance of Aptasensor in Stimulated Real Samples


Finally, to demonstrate the utility of the aptasensor on complex samples, the aptasensor performance was evaluated on water and urine/ blood samples spiked with 0.1, 0.4, 0.7, or 1.0 nM of the MDMA analyte. PEIS measurements were carried out to evaluate signal recoveries and RSD% from the spiked samples, and the results are summarized in Table 4. The ΔRct values before and after the addition of different concentrations of MDMA in real samples are close to the corresponding ΔRct values in pure MDMA solution with the same concentrations. As exhibited in Table 4, the MDMA concentration recoveries ranged from 92–96.7%, 91–103%, and 87–90% for spiked urine, blood, and water samples, respectively with RSD values of 1.1–2.2% and 1.37–2.12% for urine and blood samples respectively. Additionally, a correlation study on the developed aptasensor also exhibited a high correlation (R2 = 0.98) with conventional HPLC (Figure 14). The excellent recovery percentages with low RSD values of the sensor suggest that the aptasensor developed here has good repeatability in real samples with potential application in forensic science.





4. Conclusions


In summary, we designed and implemented a simple and rapid electrochemical sensing strategy to detect MDMA in biological samples. The rapidly fabricated SnNPs play an important role in the sensitivity enhancement of the aptasensor in comparison to previously reported sensors. The high surface area of the SnNPs@Au-based electrochemical aptasensor provides ample space for the recognition element to bind, with optimal aptamer immobilization at 1.0 μM AptMDMA. In addition, the aptasensor exhibited outstanding sensitivity, with a LOD of 0.33 nM and a sensitivity of 0.54 ohm/nM in a wide concentration range, with a linear response from 0.01 to 1.0 nM MDMA. Furthermore, it also exhibited its applicability to detect MDMA in spiked real samples for practical application. Moreover, the proposed sensor can access MDMA in urine samples for up to 4 h after ingestion of the drug; after that, MDMA metabolites, namely, 3,4-methylenedioxyamphetamine (MDA), 4-hydroxy- 3-methoxymethamphetamine (HMMA), and 4-hydroxy-3- methoxyamphetamine (HMA), are present in urine [72,73]. As a result, this useful sensing strategy enables the AptMDMA/SnNPs-based sensor to be potentially applied in the areas of forensic science and analytical chemistry.







Author Contributions


S.S.: Writing of the original draft, formal analysis, conceptualization, and literature investigation. D.H.B.: Article editing and supervision. N.C. and U.J.: Writing—review and editing, supervision, and funding acquisition. All authors have read and agreed to the published version of the manuscript.




Funding


This work is financially supported by an Extramural Research grant (File No. EMR/2016/007564) from the Science and Engineering Research Board (SERB), Government of India, and the Technology Development Program (TDP) (File No. TDP/BDTD/33/2019), Department of Science and Technology (DST), Government of India, to N.C. and by funding from the University of Missouri School of Medicine to D.H.B.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


The data presented in this study are available within the article.




Acknowledgments


Authors highly appreciate funding agencies for chemicals procurement and materials characterization.




Conflicts of Interest


The authors have no conflict of interest.




References


	



Freudenmann, R.W.; Öxler, F.; Bernschneider-Reif, S. The origin of MDMA (ecstasy) revisited: The true story reconstructed from the original documents. Addiction 2006, 101, 1241–1245. [Google Scholar] [CrossRef] [PubMed]

	



da Costa, J.L.; Pintao, E.R.; Corrigliano, C.M.C.; Negrini Neto, O. Determination of 3,4-methylenedioxymethamphetamine (MDMA) in Ecstasy tablets by high performance liquid chromatography with fluorescence detection (HPLC-FD). Química Nova 2009, 32, 965–969. [Google Scholar]

	



Mitchell, J.M.; Bogenschutz, M.; Lilienstein, A.; Harrison, C.; Kleiman, S.; Parker-Guilbert, K.; Ot’alora, G.M.; Garas, W.; Paleos, C.; Gorman, I.; et al. MDMA-assisted therapy for severe PTSD: A randomized, double-blind, placebo-controlled phase 3 study. Nat. Med. 2021, 27, 1025–1033. [Google Scholar] [CrossRef] [PubMed]

	



Schenk, S.; Newcombe, D. Methylenedioxymethamphetamine (MDMA) in Psychiatry. J. Clin. Psychopharmacol. 2018, 38, 632–638. [Google Scholar] [CrossRef]

	



Tadini, M.C.; Balbino, M.A.; Eleoterio, I.C.; de Oliveira, L.S.; Dias, L.G.; Jean-François Demets, G.; de Oliveira, M.F. Developing electrodes chemically modified with cucurbit[6]uril to detect 3,4-methylenedioxymethamphetamine (MDMA) by voltammetry. Electrochim. Acta 2014, 121, 188–193. [Google Scholar] [CrossRef]

	



Mauri, M.C.; Paletta, S.; Di Pace, C. Hallucinations in the Substance-Induced Psychosis. In Hallucinations in Psychoses and Affective Disorders; Brambilla, P., Mauri, M.C., Altamura, A.C., Eds.; Springer International Publishing: Cham, Switzerland, 2018; pp. 57–83. [Google Scholar]

	



Duarte, L.O.; Ferreira, B.; Silva, G.R.; Ipólito, A.J.; de Oliveira, M.F. Validated green phenyl reversed-phase LC method using ethanol to determine MDMA in seized ecstasy tablets. J. Liq. Chromatogr. Relat. Technol. 2020, 43, 761–769. [Google Scholar] [CrossRef]

	



Naqi, H.A.; Husbands, S.M.; Blagbrough, I.S. 1 H quantitative NMR and UHPLC-MS analysis of seized MDMA/NPS mixtures and tablets from night-club venues. Anal. Methods 2019, 11, 4795–4807. [Google Scholar] [CrossRef]

	



Jain, U.; Soni, S.; Balhara, Y.P.S.; Khanuja, M.; Chauhan, N. Dual-Layered Nanomaterial-Based Molecular Pattering on Polymer Surface Biomimetic Impedimetric Sensing of a Bliss Molecule, Anandamide Neurotransmitter. ACS Omega 2020, 5, 10750–10758. [Google Scholar] [CrossRef]

	



Chauhan, N.; Soni, S.; Agrawal, P.; Balhara, Y.P.S.; Jain, U. Recent advancement in nanosensors for neurotransmitters detection: Present and future perspective. Process Biochem. 2020, 91, 241–259. [Google Scholar] [CrossRef]

	



Chauhan, N.; Soni, S.; Jain, U. Recent advances in nanosensors development for biomarker alpha-synuclein protein detection. Process Biochem. 2021, 111, 105–113. [Google Scholar] [CrossRef]

	



Soni, S.; Jain, U.; Burke, D.H.; Chauhan, N. Recent trends and emerging strategies for aptasensing technologies for illicit drugs detection. J. Electroanal. Chem. 2022, 116128. [Google Scholar] [CrossRef]

	



Röthlisberger, P.; Hollenstein, M. Aptamer chemistry. Adv. Drug Deliv. Rev. 2018, 134, 3–21. [Google Scholar] [CrossRef] [PubMed]

	



Sun, H.; Zu, Y. A Highlight of Recent Advances in Aptamer Technology and Its Application. Molecules 2015, 20, 11959–11980. [Google Scholar] [CrossRef] [PubMed]

	



Hasegawa, H.; Savory, N.; Abe, K.; Ikebukuro, K. Methods for Improving Aptamer Binding Affinity. Molecules 2016, 21, 421. [Google Scholar] [CrossRef] [PubMed]

	



Balayan, S.; Chauhan, N.; Chandra, R.; Jain, U. Electrochemical Based C-Reactive Protein (CRP) Sensing Through Molecularly Imprinted Polymer (MIP) Pore Structure Coupled with Bi-Metallic Tuned Screen-Printed Electrode. Biointerface Res. Appl. Chem. 2021, 12, 7697–7714. [Google Scholar]

	



Singh, A.P.; Balayan, S.; Hooda, V.; Sarin, R.K.; Chauhan, N. Nano-interface driven electrochemical sensor for pesticides detection based on the acetylcholinesterase enzyme inhibition. Int. J. Biol. Macromol. 2020, 164, 3943–3952. [Google Scholar] [CrossRef]

	



Jain, U.; Singh, A.; Kuchhal, N.K.; Chauhan, N. Glycated hemoglobin biosensing integration formed on Au nanoparticle-dotted tubular TiO2 nanoarray. Anal. Chim. Acta 2016, 945, 67–74. [Google Scholar] [CrossRef]

	



Wu, Q.; Tan, R.; Mi, X.; Tu, Y. Electrochemiluminescent aptamer-sensor for alpha synuclein oligomer based on a metal–organic framework. Analyst 2020, 145, 2159–2167. [Google Scholar] [CrossRef]

	



Zhang, D.-W.; Zhang, F.-T.; Cui, Y.-R.; Deng, Q.-P.; Krause, S.; Zhou, Y.-L.; Zhang, X.-X. A label-free aptasensor for the sensitive and specific detection of cocaine using supramolecular aptamer fragments/target complex by electrochemical impedance spectroscopy. Talanta 2012, 92, 65–71. [Google Scholar] [CrossRef]

	



Tahmasebi, F.; Noorbakhsh, A. Sensitive Electrochemical Prostate Specific Antigen Aptasensor: Effect of Carboxylic Acid Functionalized Carbon Nanotube and Glutaraldehyde Linker. Electroanalysis 2016, 28, 1134–1145. [Google Scholar] [CrossRef]

	



Chauhan, N.; Chawla, S.; Pundir, C.S.; Jain, U. An electrochemical sensor for detection of neurotransmitter-acetylcholine using metal nanoparticles, 2D material and conducting polymer modified electrode. Biosens. Bioelectron. 2017, 89, 377–383. [Google Scholar] [CrossRef] [PubMed]

	



Chauhan, N.; Gupta, S.; Avasthi, D.K.; Adelung, R.; Mishra, Y.K.; Jain, U. Zinc Oxide Tetrapods Based Biohybrid Interface for Voltammetric Sensing of Helicobacter pylori. ACS Appl. Mater. Interfaces 2018, 10, 30631–30639. [Google Scholar] [CrossRef] [PubMed]

	



Chauhan, N.; Narang, J.; Pundir, C.S. Immobilization of rat brain acetylcholinesterase on ZnS and poly(indole-5-carboxylic acid) modified Au electrode for detection of organophosphorus insecticides. Biosens. Bioelectron. 2011, 29, 82–88. [Google Scholar] [CrossRef] [PubMed]

	



Rawal, R.; Chauhan, N.; Tomar, M.; Gupta, V. A contrivance based on electrochemical integration of graphene oxide nanoparticles/nickel nanoparticles for bilirubin biosensing. Biochem. Eng. J. 2017, 125, 238–245. [Google Scholar] [CrossRef]

	



Singh, A.P.; Balayan, S.; Gupta, S.; Jain, U.; Sarin, R.K.; Chauhan, N. Detection of pesticide residues utilizing enzyme-electrode interface via nano-patterning of TiO2 nanoparticles and molybdenum disulfide (MoS2) nanosheets. Process Biochem. 2021, 108, 185–193. [Google Scholar] [CrossRef]

	



Li, B.; Mei, T.; Li, D.; Du, S. Ultrasonic-assisted electrodeposition of Ni-Cu/TiN composite coating from sulphate-citrate bath: Structural and electrochemical properties. Ultrason. Sonochem. 2019, 58, 104680. [Google Scholar] [CrossRef]

	



Abutbul, R.E.; Segev, E.; Samuha, S.; Zeiri, L.; Ezersky, V.; Makov, G.; Golan, Y. A new nanocrystalline binary phase: Synthesis and properties of cubic tin monoselenide. CrystEngComm 2016, 18, 1918–1923. [Google Scholar] [CrossRef]

	



Riedel, O.; Düttmann, A.; Dühnen, S.; Kolny-Olesiak, J.; Gutsche, C.; Parisi, J.; Winter, M.; Knipper, M.; Placke, T. Surface-Modified Tin Nanoparticles and Their Electrochemical Performance in Lithium Ion Battery Cells. ACS Appl. Nano Mater. 2019, 2, 3577–3589. [Google Scholar] [CrossRef]

	



Saleem, M.; Mehboob, G.; Ahmed, M.S.; Khisro, S.N.; Ansar, M.Z.; Mehmood, K.; Rafiqa-Tul-Rasool; Alamgir, M.K.; Ejaz, A.; Ghazanfar, M.; et al. Electrochemical Properties of Tin Sulfide Nano-Sheets as Cathode Material for Lithium-Sulfur Batteries. Front. Chem. 2020, 8, 254. [Google Scholar] [CrossRef]

	



Khatoon, Z.; Hassanein, A.S.; Fouad, H.; Ansari, Z.A.; Alothman, O.Y.; Alnbaheen, M.S.; Ansari, S.G. Fabrication and Characterization of Electrochemical Organophosphate Sensor Device Based on Doped Tin Oxide Nanoparticles. J. Nanoelectron. Optoelectron. 2018, 13, 1082–1089. [Google Scholar] [CrossRef]

	



Sharma, A.; Ahmed, A.; Singh, A.; Oruganti, S.K.; Khosla, A.; Arya, S. Review—Recent Advances in Tin Oxide Nanomaterials as Electrochemical/Chemiresistive Sensors. J. Electrochem. Soc. 2021, 168, 027505. [Google Scholar] [CrossRef]

	



Soni, S.; Jain, U.; Burke, D.H.; Chauhan, N. A label free, signal off electrochemical aptasensor for amphetamine detection. Surf. Interfaces 2022, 31, 102023. [Google Scholar] [CrossRef]

	



Kumar, R.; Kushwaha, N.; Mittal, J. Ammonia Gas Sensing Activity of Sn Nanoparticles Film. Sens. Lett. 2016, 14, 300–303. [Google Scholar] [CrossRef]

	



Shi, Q.; Shi, Y.; Pan, Y.; Yue, Z.; Zhang, H.; Yi, C. Colorimetric and bare eye determination of urinary methylamphetamine based on the use of aptamers and the salt-induced aggregation of unmodified gold nanoparticles. Microchim. Acta 2015, 182, 505–511. [Google Scholar] [CrossRef]

	



Randles, J.E.B. A cathode ray polarograph. Part II.—The current-voltage curves. Trans. Faraday Soc. 1948, 44, 322–327. [Google Scholar] [CrossRef]

	



Sharma, A.; Bhattarai, J.K.; Alla, A.J.; Demchenko, A.V.; Stine, K.J. Electrochemical annealing of nanoporous gold by application of cyclic potential sweeps. Nanotechnology 2015, 26, 085602. [Google Scholar] [CrossRef]

	



Konopka, S.J.; McDuffie, B. Diffusion coefficients of ferri- and ferrocyanide ions in aqueous media, using twin-electrode thin-layer electrochemistry. Anal. Chem. 1970, 42, 1741–1746. [Google Scholar] [CrossRef]

	



Chauhan, N.; Balayan, S.; Jain, U. Sensitive biosensing of neurotransmitter: 2D material wrapped nanotubes and MnO2 composites for the detection of acetylcholine. Synth. Met. 2020, 263, 116354. [Google Scholar] [CrossRef]

	



Zaikovskii, A.V.; Iurchenkova, A.A.; Kozlachkov, D.V.; Fedorovskaya, E.O. Effects of Tin on the Morphological and Electrochemical Properties of Arc-Discharge Nanomaterials. JOM 2021, 73, 847–855. [Google Scholar] [CrossRef]

	



Rosy, R.; Goyal, R.N.; Shim, Y.-B. Glutaraldehyde sandwiched amino functionalized polymer based aptasensor for the determination and quantification of chloramphenicol. RSC Adv. 2015, 5, 69356–69364. [Google Scholar] [CrossRef]

	



Liu, X.; Hu, M.; Wang, M.; Song, Y.; Zhou, N.; He, L.; Zhang, Z. Novel nanoarchitecture of Co-MOF-on-TPN-COF hybrid: Ultralowly sensitive bioplatform of electrochemical aptasensor toward ampicillin. Biosens. Bioelectron. 2019, 123, 59–68. [Google Scholar] [CrossRef] [PubMed]

	



Prasad, P.D.; Reddy, S.P.; Deepthi, A.; Prashanthi, J.; Rao, G.N. Synthesis, Characterization of Tin Oxide (SnO) Nanoparticles via Autoclave synthesis protocol for H2 sensing. Int. J. Nanotechnol. Appl. 2017, 11, 265–276. [Google Scholar]

	



Lee, K.-M.; Lee, D.-J.; Ahn, H. XRD and TEM studies on tin oxide (II) nanoparticles prepared by inert gas condensation. Mater. Lett. 2004, 58, 3122–3125. [Google Scholar] [CrossRef]

	



Arora, N.; Jagirdar, B.R. From (Au5Sn + AuSn) physical mixture to phase pure AuSn and Au5Sn intermetallic nanocrystals with tailored morphology: Digestive ripening assisted approach. Phys. Chem. Chem. Phys. 2014, 16, 11381–11389. [Google Scholar] [CrossRef] [PubMed]

	



Lu, F.; Ji, X.; Yang, Y.; Deng, W.; Banks, C.E. Room temperature ionic liquid assisted well-dispersed core-shell tin nanoparticles through cathodic corrosion. RSC Adv. 2013, 3, 18791. [Google Scholar] [CrossRef]

	



Dhillon, S.; Kant, R. Theory for electrochemical impedance spectroscopy of heterogeneous electrode with distributed capacitance and charge transfer resistance. J. Chem. Sci. 2017, 129, 1277–1292. [Google Scholar] [CrossRef]

	



Bisquert, J. Theory of the impedance of charge transfer via surface states in dye-sensitized solar cells. J. Electroanal. Chem. 2010, 646, 43–51. [Google Scholar] [CrossRef]

	



Mehennaoui, S.; Poorahong, S.; Jimenez, G.C.; Siaj, M. Selection of high affinity aptamer-ligand for dexamethasone and its electrochemical biosensor. Sci. Rep. 2019, 9, 6600. [Google Scholar] [CrossRef]

	



Pérez de Carvasal, K.; Riccardi, C.; Russo Krauss, I.; Cavasso, D.; Vasseur, J.-J.; Smietana, M.; Morvan, F.; Montesarchio, D. Charge-Transfer Interactions Stabilize G-Quadruplex-Forming Thrombin Binding Aptamers and Can Improve Their Anticoagulant Activity. Int. J. Mol. Sci. 2021, 22, 9510. [Google Scholar] [CrossRef]

	



Elgrishi, N.; Rountree, K.J.; McCarthy, B.D.; Rountree, E.S.; Eisenhart, T.T.; Dempsey, J.L. A Practical Beginner’s Guide to Cyclic Voltammetry. J. Chem. Educ. 2018, 95, 197–206. [Google Scholar] [CrossRef]

	



Kelly, R.S. Analytical Electrochemistry: The Basic Concepts. Available online: https://amser.org/index.php?P=AMSER--ResourceFrame&resourceId=17150 (accessed on 2 June 2022).

	



Chen, Z.; Li, L.; Zhao, H.; Guo, L.; Mu, X. Electrochemical impedance spectroscopy detection of lysozyme based on electrodeposited gold nanoparticles. Talanta 2011, 83, 1501–1506. [Google Scholar] [CrossRef] [PubMed]

	



Florea, A.; Cowen, T.; Piletsky, S.; De Wael, K. Electrochemical sensing of cocaine in real samples based on electrodeposited biomimetic affinity ligands. Analyst 2019, 144, 4639–4646. [Google Scholar] [CrossRef] [PubMed]

	



Roushani, M.; Shahdost-fard, F. Impedimetric detection of cocaine by using an aptamer attached to a screen printed electrode modified with a dendrimer/silver nanoparticle nanocomposite. Microchim. Acta 2018, 185, 214. [Google Scholar] [CrossRef]

	



Gupta, S.; Jain, U.; Murti, B.T.; Putri, A.D.; Tiwari, A.; Chauhan, N. Nanohybrid-based immunosensor prepared for Helicobacter pylori BabA antigen detection through immobilized antibody assembly with @Pdnano/rGO/PEDOT sensing platform. Sci. Rep. 2020, 10, 21217. [Google Scholar] [CrossRef] [PubMed]

	



Farrukh, M.A.; Teck, H.B.; Adnan, R. Surfactant-controlled aqueous synthesis of SnO2 nanoparticles via the hydrothermal and conventional heating methods. Turk. J. Chem. 2010, 34, 537–550. [Google Scholar]

	



Akram, M.; Saleh, A.T.; Ibrahim, W.A.W.; Awan, A.S.; Hussain, R. Continuous microwave flow synthesis (CMFS) of nano-sized tin oxide: Effect of precursor concentration. Ceram. Int. 2016, 42, 8613–8619. [Google Scholar] [CrossRef]

	



Babar, A.R.; Shinde, S.S.; Moholkar, A.V.; Rajpure, K.Y. Electrical and dielectric properties of co-precipitated nanocrystalline tin oxide. J. Alloys Compd. 2010, 505, 743–749. [Google Scholar] [CrossRef]

	



Yang, S.; Song, Q.; Gao, K.; Wang, H. EuF3 nanotubes fabricated via Eu(NO3)3/cysteamine as precursor and their derived thermosensitive nanogels. Solid State Sci. 2014, 34, 17–23. [Google Scholar] [CrossRef]

	



Singh, K.; Srivastava, G.; Talat, M.; Srivastava, O.N.; Kayastha, A.M. α-Amylase immobilization onto functionalized graphene nanosheets as scaffolds: Its characterization, kinetics and potential applications in starch based industries. Biochem. Biophys. Rep. 2015, 3, 18–25. [Google Scholar] [CrossRef]

	



Lović, J. Electrochemical glucose biosensor with the characterization of surface morphology and content of glucose oxidase- glutaraldehyde-cysteine layers on gold electrode. Int. J. Electrochem. Sci. 2018, 13, 12340–12348. [Google Scholar] [CrossRef]

	



Etesami, M.; Salehi Karoonian, F.; Mohamed, N. Electrochemical Deposition of Gold Nanoparticles on Pencil Graphite by Fast Scan Cyclic Voltammetry. J. Chin. Chem. Soc. 2011, 58, 688–693. [Google Scholar] [CrossRef]

	



Ustarroz, J.; Hubin, A.; Terryn, H. Supported Nanoparticle Synthesis by Electrochemical Deposition. In Handbook of Nanoparticles; Aliofkhazraei, M., Ed.; Springer International Publishing: Cham, Switzerland, 2016; pp. 603–631. [Google Scholar]

	



Liu, Y.; Tuleouva, N.; Ramanculov, E.; Revzin, A. Aptamer-Based Electrochemical Biosensor for Interferon Gamma Detection. Anal. Chem. 2010, 82, 8131–8136. [Google Scholar] [CrossRef]

	



Zhao, Y.; Liu, H.; Shi, L.; Zheng, W.; Jing, X. Electroactive Cu2O nanoparticles and Ag nanoparticles driven ratiometric electrochemical aptasensor for prostate specific antigen detection. Sens. Actuators B Chem. 2020, 315, 128155. [Google Scholar] [CrossRef]

	



Hashemi, P.; Bagheri, H.; Afkhami, A.; Ardakani, Y.H.; Madrakian, T. Fabrication of a novel aptasensor based on three-dimensional reduced graphene oxide/polyaniline/gold nanoparticle composite as a novel platform for high sensitive and specific cocaine detection. Anal. Chim. Acta 2017, 996, 10–19. [Google Scholar] [CrossRef] [PubMed]

	



Cumba, L.R.; Smith, J.P.; Zuway, K.Y.; Sutcliffe, O.B.; Do Carmo, D.R.; Banks, C.E. Forensic electrochemistry: Simultaneous voltammetric detection of MDMA and its fatal counterpart “dr Death” (PMA). Anal. Methods 2016, 8, 142–152. [Google Scholar] [CrossRef]

	



Tseng, Y.-C.; Chang, J.-S.; Lin, S.; Chao, S.D.; Liu, C.-H. 3,4-Methylenedioxymethylamphetamine detection using a microcantilever-based biosensor. Sens. Actuators A Phys. 2012, 182, 163–167. [Google Scholar] [CrossRef]

	



Nevescanin, M.; Avramov-Ivic, M.; Petrovic, S.; Mijin, D.; Banovic-Stevic, S.; Jovanovic, V. The use of a gold electrode for the determination of amphetamine derivatives and application to their analysis in human urine. J. Serb. Chem. Soc. 2013, 78, 1373–1385. [Google Scholar] [CrossRef]

	



Couto, R.A.S.; Costa, S.S.; Mounssef, B.; Pacheco, J.G.; Fernandes, E.; Carvalho, F.; Rodrigues, C.M.P.; Delerue-Matos, C.; Braga, A.A.C.; Moreira Gonçalves, L.; et al. Electrochemical sensing of ecstasy with electropolymerized molecularly imprinted poly(o-phenylenediamine) polymer on the surface of disposable screen-printed carbon electrodes. Sens. Actuators B Chem. 2019, 290, 378–386. [Google Scholar] [CrossRef]

	



Cohen, I.V.; Makunts, T.; Abagyan, R.; Thomas, K. Concomitant drugs associated with increased mortality for MDMA users reported in a drug safety surveillance database. Sci. Rep. 2021, 11, 5997. [Google Scholar] [CrossRef]

	



Papaseit, E.; Torrens, M.; Pérez-Mañá, C.; Muga, R.; Farré, M. Key interindividual determinants in MDMA pharmacodynamics. Expert Opin. Drug Metab. Toxicol. 2018, 14, 183–195. [Google Scholar] [CrossRef]








[image: Biosensors 12 00538 sch001 550] 





Scheme 1. Schematic representation of electrode fabrication and electrochemical response for MDMA detection. 
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Figure 1. Scanning Electron Microscopy (SEM) imaging of prepared tin nanoparticles (SnNPs) at different resolutions: (a) 100 μm (b) 500 nm, and (c) Energy-Dispersive X-ray (EDX) spectra. 
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Figure 2. X-ray diffraction (XRD) image to evaluate physical and structural characteristics of synthesized tin nanoparticles (SnNPs). 
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Figure 3. X-ray photoelectron spectroscopy (XPS) spectra of SnNPs surface: (a) survey scan and (b) high-resolution spectra of Sn 3d. 
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Figure 4. Electrochemical properties of tin nanoparticle (SnNPs)-based aptasensor monitored in 5.0 mM [Fe(CN)6]3−/4−and 0.1 M KCl electrolyte. (a) Electrochemical Impedance Spectroscopy (EIS) Nyquist plots of sequentially fabricated aptasensor for (±)-3,4-Methylenedioxymethamphetamine (MDMA) detection in the frequency range of 1.0 MHz–500 MHz, including bare Au electrode (black), SnNPs@Au (green), and AptMDMA/SnNPs@Au (blue). (b) CV responses of the modified working electrode for target MDMA detection. Voltammograms are shown for bare Au electrode (black), SnNPs@Au (green), and AptMDMA/SnNPs@Au (blue). 
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Figure 5. Calibration curve of redox peak and √scan rate for (a) bare Au electrode and (b) SnNPs@Au-modified electrode to determine electroactive surface areas. 
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Figure 6. FESEM images of stepwise fabrication of electrode at different magnifications: (a) Bare (at 1 μm), (b) SnNPs (at 200 nm), (c) AptMDMA@SnNPs (at 200 nm), and (d) AptMDMA@SnNPs (at 500 nm). 
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Figure 7. Fourier Transform Infrared Spectroscopy (FTIR) (500–4000 cm−1) spectra of electrode modification: (a) SnNPs. Inset shows FTIR spectra in the range of 400–1500 cm−1. (b) Cys@SnNPs, (c) Glu@Cys@SnNPs, and (d) AptMDMA@Glu@Cys@SnNPs. 
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Figure 8. Optimization conditions to improve sensitivity of AptMDMA/SnNPs@Au-modified electrode. (a) Bar graphs of Differential Pulse Voltammetry (DPV)-based peak currents at 5.0, 15, 30, and 45 min of SnNP electrodeposition. (b) Change in charge transfer resistance (ΔRct) after incubation of MDMA on AptMDMA/SnNPs@Au electrode for 0, 15, 30, 45, 60, 75, 90, 105, and 120 min. (c) Impedance Spectroscopy (EIS) Nyquist plots at different AptMDMA concentrations (0.5, 1.0, 1.5, and 2.0 μM) in 5.0 mM [Fe(CN)6]3−/4−and 0.1 M KCl electrolyte. (d) Change in charge transfer resistance (ΔRct) of 0.5, 1.0, 1.5, and 2.0 μM AptMDMA-modified electrode in presence of (±)-3,4-Methylenedioxymethamphetamine (MDMA) analyte. 
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Figure 9. Performance analysis of AptMDMA/SnNPs@Au electrode at different (±)-3,4-Methylenedioxymethamphetamine (MDMA) concentrations. (a) Change in charge transfer resistance (ΔRct) at MDMA concentrations of 0.001, 0.01, 0.1, 0.2, 0.4, 0.6, 0.8, and 1.0 nM. Analyses were carried out in 5.0 mM [Fe(CN)6]3−/4− and 0.1 M KCl electrolyte. (b) Calibration curves between ΔRct and different MDMA concentrations. 
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Figure 10. Effect of pH on analytical performance of the aptasensor in the presence of 0.33 nM MDMA. 
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Figure 11. Determination of redox mechanism of aptasensor in 5.0 mM [Fe(CN)6]3−/4− and 0.1 M KCl electrolyte in the presence of 0.33 nM. (a) Change in CV curves at scan rates of 20, 30, 40, 50, 60, 70, 80, 90, and 100 mV/s. (b) Calibration curves of redox peak current vs. scan rate. 
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Figure 12. Selectivity analysis of aptasensor in the presence of 0.33 nM (±)-3,4-Methylenedioxymethamphetamine (MDMA), amphetamine (AMP), benzoic acid (BA), 4-Hydroxybutyric acid sodium (GHB), aspirin, anisole, benzaldehyde, and a mixture of the interferents. 
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Figure 13. Stability analysis of aptasensor for (±)-3,4 Methylenedioxymethamphetamine (MDMA) detection. 
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Figure 14. Correlation study of developed aptasensor compared to HPLC. 
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Table 1. Crystalline size estimation of elemental SnNPs calculated using Scherrer equation.
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	SN
	2θ (Degree)
	d (A°)
	FWHM (Degree)
	Crystalline Size (nm)
	Dislocation Density (δ)
	Microstrain (ε)





	1.
	29.9
	1.98
	0.5538
	25.2
	0.157
	0.037



	2.
	30.6
	2.03
	0.263
	53.0
	0.035
	0.179



	3.
	32.2
	2.12
	0.371
	37.5
	0.071
	0.026



	4.
	43.9
	2.87
	0.403
	33.3
	0.090
	0.040



	5.
	45.0
	2.95
	0.307
	43.2
	0.053
	0.032



	6.
	55.4
	3.57
	0.407
	31.4
	0.101
	0.534



	7.
	62.3
	3.98
	0.369
	33.5
	0.089
	0.055



	8.
	65.5
	4.16
	0.465
	26.1
	0.146
	0.074
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Table 2. Comparison of reported electrochemical sensors for MDMA detection.
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	SN
	Electrochemical Sensor Type
	Sensing Mechanism
	Detection Limit
	Linear Range
	Incubation Time
	Samples
	Reference





	1.
	Cucurbit[6]uril-based sensor
	CV
	3.5 and 2.7 μM
	4.2 × 10−3–4.8 × 10−2 μM
	NR
	NR
	[5]



	2.
	Graphite-based sensor
	DPV
	40 μM
	500–4980 μM
	NR
	PBS buffer
	[68]



	3.
	Microcantilever-based immunosensor
	Frequency shift
	5.0 × 103μM
	5.0 × 103–50 × 103μM
	NR
	NR
	[69]



	4.
	Gold electrode-based sensor
	SWV
	NR
	110.9–258.9 μM
	NR
	Urine
	[70]



	5.
	MIP-based sensor
	SWV
	0.7 μM
	2.5–200 μM
	10 min
	Serum and urine
	[71]



	6.
	Tin nanoparticle-based aptasensor
	PEIS
	0.33 nM
	0.01–1.0 nM
	30 min
	Diluted blood, urine, and water
	Present study







NR: Not reported.
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Table 3. Precision of repeatability determination via intra- and inter-batch analysis of developed aptasensor.
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	Mean ΔRct
	Standard Deviation
	Coefficient of Variance (CV)





	Intra-batch
	541.97
	9.28
	1.71%



	Inter-batch
	546.98
	13.2
	2.42%
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Table 4. Evaluation of AptMDMA/SnNPs@Au-based sensing system for MDMA detection in spiked urine, blood, and water samples.
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Added MDMA

Conc. (nM)

	
Observed MDMA

Conc. (nM)

	
Recovery %

	
RSD % (n = 3)






	

	
Urine

	
Blood

	
Water

	
Urine

	
Blood

	
Water

	
Urine

	
Blood

	
Water




	
0.0

	
ND

	
ND

	
ND

	
0.0

	
0.1

	
0.0

	
0.0

	

	
-




	
0.1

	
0.094

	
0.091

	
0.087

	
94%

	
91%

	
87%

	
1.79%

	
1.71%

	
-




	
0.4

	
0.384

	
0.380

	
0.354

	
96.7%

	
95%

	
88.5%

	
2.04%

	
1.99%

	
-




	
0.7

	
0.67

	
0.651

	
0.612

	
95.7%

	
93%

	
87.4%

	
2.18%

	
2.12%

	
-




	
1.0

	
0.92

	
0.923

	
0.901

	
92%

	
100.3

	
90.1%

	
1.14%

	
1.37%

	
-
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