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Abstract: This study designed a novel electrochemical aptasensor for single-step quantification of 3,4-

methylenedioxymethamphetamine (MDMA) based proximity-based assay. This detection technique 

depends upon direct recognition of the target by a specific aptamer, a prerequisite by nitrogen-doped 

carbon dots (N-CDs) to enhance the sensitivity and thus induce the redox current at the modified 

electrode. The fabricated device reports the advantage of a label-free aptasensor for MDMA detection 

with an outstanding detection limit of 0.18 nM and sensitivity of 0.36 Ω/ nM in the linear range of  0.01 

nM to 1.0 nM. Under potentially controlled conditions, developed aptasensors also exhibited their 

applicability in diluted spiked urine samples with a recovery rate in the range of 88-92%. Overall, the 

aptasensor can be a very useful and cost-effective tool for targeted MDMA detection in biological 

samples in the field of forensic science. 
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1. Introduction 

3,4-methylenedioxymethamphetamine (MDMA) is a highly addictive psychoactive 

compound, which was later also termed 'Ecstasy' by a Californian drug dealer to use 

recreationally [1,2]. It was characterized by a combination of hallucinogenic and stimulant 

properties to increase sales as a street drug. World Drug Report, Drugs, and Crime, United 

Nations estimated that approximately 271 million people are addicted to illicit drug 

consumption globally [3]; among them, 20 million people used 'ecstasy' in 2018 [4]. It is higher 

than the global average in the sub-region of Australia and New Zealand (2.8%), North America 

(0.9%), and Western and Central Europe (0.9%). However, it has also gained interest in adjunct 

psychotherapy for post-traumatic stress disorder (PTSD) and attention deficit hyperactivity 

disorder (ADHD) treatment [1,5]. But, due to extreme euphoric, hallucinogenic, auditory, or 

visual perceptions and its highly addictive nature, MDMA has questionable use in medical 

science [6,7]. 

Generally, gas chromatography (GC) and high-performance liquid chromatography 

(HPLC) in a combination of mass spectroscopy are used to determine MDMA in clinical 

samples [8–11]. However, these methods are expensive, time-consuming, and require heavy 

laboratory set-up and technical expertise to perform and analyze the samples [12–15]. On the 
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other hand, electrochemical sensors bases analysis possesses excellent characteristics, 

including easy process, low cost, rapid operation, easy miniaturization, and practicality [15–

18]. To date, very limited electrochemical sensors have been developed for MDMA 

determination. For instance, Tadini et al. has designed a cucurbit[6]uril-modified 

electrochemical sensor to directly detect MDMA in the range of 3.5 μM [19]. The MDMA was 

captured by a cavity created by aromatic and heterocyclic rings moiety of CB[6] that oxidized 

to generate a delocalized cation over the aromatic ring. However, the high detection limit and 

insolubility in the water of CB[6] [20,21] limit their application in real-world analytics. 

Therefore, to improve the sensitivity of the sensing platform, a study published in 

Electrochimica Acta showed platinum nanoparticles (PtNPs)/ carbon nanohorns decorated 

electrochemical devices for MDMA detection [22]. This 3D nanocomposite demonstrated 

excellent electrocatalytic properties against the drug and reported 0.018 μM as a limit of 

detection (LOD). But, this study also exhibited a change in signals in the presence of morphine, 

thus limiting the sensor's selectivity. In the direction of improving the selectivity and stability 

of the system, Couto et al. designed molecularly imprinted poly(o-phenylenediamine) 

polymer-based impedimetric sensor for MDMA detection and reported a LOD of 0.79 μM [23], 

which is a relatively higher in analytical chemistry. 

Considering the huge gap in sensing technology described above, research efforts have 

been dedicated to developing economical, reliable, and rapid on-spot devices. In this direction, 

aptamers are playing an important role in the field of small molecule detection, such as drugs 

such as cocaine [24,25], opioids [26,27], antibiotics [28–30], and metals [31,32]. Aptamers are 

small RNA or single-stranded DNA (ss-DNA) sequences generated by in-vitro selection 

techniques, namely Systematic Evolution of Ligands by Exponential Enrichment (SELEX) 

[33,34]. It shows high selectivity towards target molecules due to repetitive selection rounds, 

low immunogenicity, inflated stability, simple modification, and low cost [35,36]. To date, no 

report has been published to show the application of aptamers in MDMA detection. 

One of the major aims of simultaneous detection and signal amplification is to fabricate 

an ultrasensitive detection platform, which nanomaterials can easily achieve. In this direction, 

recent studies are applying the electronic nature of zero-dimensional quantum dots (QDs) in 

sensing technologies [37–39]. These materials have a large surface-to-volume ratio, excellent 

water solubility, and abundant structural defects [39,40], which enhance their electrochemical 

properties. Compared to metallic QDs (e.g., CdS, CdSe, PbS, and SiQDs), carbon-based 

quantum dots are easy to synthesize and exhibit low toxicity with high electrochemical 

properties [41,42]. 

In the present work, we showed that N-CDs modified electrochemical sensors can be 

used to design an ultra-sensitive platform with high conductivity. It may provide a large surface 

area for MDMA-specific aptamer (here referred to as AptMDMA) to detect MDMA in biological 

samples. Thus, AptMDMA/N-CDs@SPE biosensor was prepared for quick, reliable, and simple 

detection of the recreational drug MDMA. Under optimal conditions, a low limit of detection, 

good linearity, and selectivity was achieved via impedimetric measurements. Moreover, a 

prepared sensing platform was employed for the spiked, diluted urine samples of MDMA. 
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2. Materials and Methods 

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 glutaraldehyde solution (50 wt%) were purchased 

from Sigma Aldrich, India. N-Ethyl-N′-(3-dimethylaminopropyl)carbodiimide (EDC), N-

hydroxysuccinimide (NHS), 6-Mercapto-1-hexanol (6-MCH), potassium chloride (KCl), 2-(N-

morpholino)ethanesulfonic acid (MES), ethylenediaminetetraacetic acid (EDTA), anisole, 

Tris, benzaldehyde, potassium hexacyanoferrate (III) (K3Fe(CN)6), and potassium 

ferrocyanide (K4Fe(CN)6) were procured from SRL Pvt. Ltd., India. Asprin was purchased 

from the local market in Noida. The mixture of EDC -NHS was prepared in 100 mM MES 

solution at pH 5.0 in 2:5 M ratio at room temperature (24 ± 3°C). 

2.2. Apparatus and procedures. 

The electrochemical studies were performed using Cyclic Voltammetry (CV), 

Electrochemical Impedance Spectroscopy (EIS), and Differential Pulse Voltammetry (DPV) 

on EC-Lab V11.10 software of Biopotentiostate workstation (BioLogic science Instrument, 

model no SP 200) equipped with a three-electrode cell. The physical characterization of 

prepared N-CDs was analyzed by Fourier-transform infrared spectroscopy (FTIR; Nicolet iS5, 

Thermo Scientific, India) at Amity University Uttar Pradesh (AUUP), Noida, India. The UV-

vis (Shimadzu UV-2600) and Photoluminescent (PL; Ocean Optics) spectroscopy were used 

to determine optical characteristics at Amity University Uttar Pradesh (AUUP), Noida, India. 

2.3. Synthesis of N-doped carbon dots (N-CDs). 

Synthesis of N-CD nanoparticles was performed by a one-step hydrothermal process, 

as cited in the literature[43], with slight modification. Initially, 0.1 M polyvinylpyrrolidone 

(PVP) was first dissolved in distilled water and then added to a Teflon-lined stainless steel 

autoclave at 160 °C for 15 hours. The end solution was collected and stored at 4-8 •C in dark 

conditions. Prepared N-CDs were characterized with FT-IR, UV-Vis, and PL spectroscopy at 

AUUP, Noida, India.   

2.4. Preparation of aptamer solutions. 

The MDMA-specific aptamer (AptMDMA) was purchased, and HPLC was purified by 

Integrated DNA Technologies (IDT), USA. As shown in the sequence below, the presence of 

consecutive guanosine residues (underlined) confirms the presence of guanosine quadruplex 

for target detection. The 1.0 μM solution of aptamer was prepared in 1X TE buffer, aliquoted, 

and stored at 4-8 °C to be utilized within one month. 

AptMDMA sequence:  

5′-(HS)-(CH2)6-ACGGTTGCAAGTGGGACTCTGGTAGGCTGGGTTAATTTGG-

3′  [44]. 
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2.5. Preparation of N-CDs@SPE platform. 

To improve the sensitivity of the sensor, the electrochemical property of zero-

dimensional carbon dots were evaluated in our study. Electrochemical deposition of N-CDs 

was optimized via the electrodeposition at different time points. The chronocoulmetry (CC) 

was performed at -0.3 V, and N-CDs were allowed to be electrodeposited for 15, 30, 45, and 

60 min. The electrodeposition of N-CD@SPE at different time points was evaluated via DPV 

at 100 μA, and the time point with maximum conductivity was selected for further studies.  

2.6. Immobilization and characterization of AptMDMA/N-CDs. 

We performed both electrochemical and optical characterization of AptMDMA/N-CDs in 

our laboratory. In the first step, N-CDs were modified with 1.0 mM cysteamine (Cys) at 4-8 

°C overnight to form –NH2 groups on the surface. Later, sequential treatment with 2.5% 

glutaraldehyde (Glu) for 1.0 hr and 2 mM EDC –5 mM NHS for 2 hrs at room temperature was 

performed. At last,  1.0 μM AptMDMA  was allowed to incubate on EDC-NHS/Cys/N-CDs@SPE 

at 4.0 °C overnight, which was later treated with 6-MCH for 1.0 hr to elute out unbounded 

aptamers. The stepwise modification of AptMDMA/EDC-NHS/Cys/N-CDs@SPE preparation 

was studied by CV with potential between -0.5 V and 0.5 V at a scan rate of 100 mV/s, and 

EIS in a frequency range of 1.0 MHz- 500 mHz respectively. Furthermore, this sequential 

fabrication process was evaluated via PL spectroscopy at an excitation wavelength of 365 nm. 

2.7. Optimization of working conditions for AptMDMA/N-CDs@SPE. 

To determine the efficient working of AptMDMA/N-CDs@SPE, pH, and incubation time 

were optimized before further experiments. The prepared AptMDMA/N-CDs@SPE was allowed 

to incubate with MDMA at different pHs in the range of 5.0-9.0 with an incubation time of 10-

60 min. The optimized values were used in further experiments. 

2.8. Signal response of AptMDMA/N-CDs in the presence of MDMA. 

In order to demonstrate the MDMA detection strategy, quantitative analysis was 

recorded by DPV at 100 μA in K3Fe(CN)6/K4Fe(CN)6 electrolyte and change in luminescence 

by PL spectroscopy at 365 nm. Various concentrations of MDMA (0.001-1.0 nM) were 

allowed to incubate with AptMDMA/N-CDs for the optimized time period, and changes in signals 

were recorded via DPV and PL. The AptMDMA/N-CDs@SPE was regenerated with 6.0 M urea 

at 37 °C for 15 mins after each concentration study. The limit of detection (LOD) was 

calculated 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: LOD = 

3.3(Sy/S). Furthermore, the modified electrode's selectivity was measured in the presence of 

GHB, aspirin, anisole, benzaldehyde, and a mixture. These samples were allowed to incubate 

with the modified electrode, and signal changes were recorded. 

2.9. Analysis of prepared aptasensor in spiked urine samples. 

The urine samples were collected from the Biodiagnostic lab., East Rohini, Delhi, India, 

and stored at -20°C before use. The 10 μl of MDMA was spiked into diluted urine to final 

concentrations of 0.1 nM, 0.3 nM, 0.7 nM, and 1.0 nM, and EIS was recorded. 
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3. Results and Discussion 

3.1. Spectroscopic characterization of N-CDs. 

The synthesized N-doped CDs were characterized by FTIR, UV-Vis, and PL 

spectroscopy. As shown in Figure 1, the characteristic peak of N-CDs appeared at 1281 cm-1 

and 3396 cm-1, corresponding to stretching vibrations of C-N in amides [43,45], and O-H and 

O-H and N-H bonds [46,47]. The high-intensity peak at 1638 cm-1 also confirmed C=O 

stretching vibration in primary and/or tertiary amides structures [43], which was previously 

verified by the peak at 1281 cm-1. This result indicated that prepared CDs possessed an 

abundant amount of N-groups to improve the conducting nature of the material. 

 
Figure 1. FT-IR spectra of prepared N-CDs in the range of 500-4000 cm-1. 

The UV-vis and PL spectra of the prepared N-CDs were also studied to evaluate optical 

properties. As shown in Figure 2(a), a flat bump near ~200-240 nm attributed to 𝜋- 𝜋* and n- 

𝜋* transitions of the C-C and C=O bands of the localized sp2 cluster in formed –COO groups 

of the N-CDs surface and confirmed trigonal symmetry of the material [48]. Furthermore, a 

peak at 453 nm and a broad spectrum of 512 nm in PL spectra (Figure 2(b)) revealed blue [49] 

and green emissions [48], respectively. Moreover, prepared N-CD exhibited good 

photostability at room temperature for one month. 
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Figure 2. Spectroscopical analysis of synthesized N-CDs: (a) UV-Vis, and (b) PL spectroscopy. 

3.2. Electrochemical characterization of aptasensor. 

The overall development process of AptMDMA/N-CDs@SPE sensor is depicted in the 

graphical abstract. During each step of the aptasensor construction, the AptMDMA/N-

CDs@SPE platform was characterized by cyclic voltammetry (CV) and potentiostatic 

electrochemical impedance spectroscopy (PEIS) measurements. Prior to recording 

electrochemical responses in electrode fabrication, N-CDs@SPE were measured after 

electrodeposition of N-CDs for 15, 30, 45, and 60 min. As illustrated in Figure 3, the DPV 

current peak increased from 15-45 min and then decreased. Therefore, we selected 45 min 

for N-CDs deposition in further study. The electrodeposition for 60 min might have caused 

dense surface clustering that modestly lowers electron exchange between the electrode and 

the solution and thus decreases the peak current. 
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Figure 3. Optimization of N-CDs electrodeposition at 15, 30, 45, and 60 min. 

 

 
Figure 4. Electrochemical analysis of stepwise modified electrode(bare SPE, N-CDs@SPE, and 

AptMDMA/N-CDs@SPE. (a) PEIS plots of fabricated electrode for MDMA recognition in the frequency 

range of 1.0 MHz- 500 mHz  (b) CV responses of the modified electrode for MDMA determination in the 

range of 0.05 to -0.05 V. 
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Furthermore, as shown in Figure 4(a), the CV characterization showed that the bare 

SPE allows charge transfer with typical pair of diffusional reversible peaks, as the separation 

of forward and reverse peak potential (ΔEp) was >0.058 V [50,51]. Further electrodeposition 

of N-CDs@SPE exhibited an increase in peak current and decrease in ΔEp, also justified 

improved conductivity and rise in electron transfer between modified N-CDs@SPE and redox 

probe [52]. After immobilization of AptMDMA onto the N-CDs@SPE surface, the platform 

showed a significant lowering in current which was consistent with forming a kinetic barrier 

between the negatively charged phosphate group of the AptMDMA and the electrolyte [53,54]. 

The Nyquist plots of the AptMDMA/N-CDs@SPE platform were complementary to these CV 

results, in which the charge transfer resistance (Rct) value lowered by 23.8 ohms after N-CDs 

deposition and significantly increased to 206.1 after AptMDMA modification (Figure 4(b)). The 

higher the Rct value, the higher the resistance. 

3.3. Optimization of experimental conditions for the aptasensor. 

To measure the efficient working of the modified electrode, it was incubated to a 

solution with different pH, and a variation in electrochemical signals was recorded. As shown 

in Figure 5, the highest impedance peaked at pH 7.4, which indicates the higher efficiency of 

the AptMDMA/N-CDs@SPE platform near real-world physiological pH. 

 
Figure 5. Effect of various pH (5.5-9.0) on the analytical performance of the aptasensor. 

 
Figure 6. Trade in charge transfer resistance (ΔRct) after MDMA incubation on fabricated AptMDMA/N-

CDs@SPE electrode (0, 15, 30, 45, and 60 min). 
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The incubation time of the fabricated AptMDMA/N-CDs@SPE electrode was evaluated 

by incubating MDMA with the electrode for 0-60 min with a time gap of 15 min. As shown in 

Figure 6, the ΔRct values escalated from 0 to 30 min and became constant. Therefore, we choose 

30 min as the optimum incubation time in the present study. 

3.4. Quantitative detection of MDMA. 

The PEIS analysis was evaluated against a series of MDMA concentrations in the range 

of 1.0 pM to 1.0 nM on the modified AptMDMA/N-CDs@SPE platform. The concentration-

dependent elevation in Rct values was reported in PEIS graph (Figure 7(a)), which indicated 

specific interaction between AptMDMA and the target. It changes mass and electron transfer on 

the surface, affecting the system's resistance [55,56]. To evaluate the effect of different 

concentrations of MDMA on the fabricated electrode, a calibration curve between ΔRct and 

MDMA concentrations was plotted, where ΔRct = Rct, MDMA  - Rct, aptamer (Figure 7(b)). It derived 

a linear regression equation (eq. 1) with a slope of 184.7 Ω/ nM and a y-intercept of 33.85 Ω 

with R2 of 0.991. The LOD of the sensor was calculated as 0.18 nM with a sensitivity of 0.36 

Ω/ nM.   

 

ΔRct (Ω) = 184.7(Ω/nM)·MDMA conc. (nM)] + 33.85 (Ω)  ( R² = 0.991)  (1) 

 

 
Figure 7. Analysis of AptMDMA/N-CDs@Au modified platform at various MDMA concentrations. (a) Change in 

charge transfer resistance (ΔRct) at different MDMA concentrations  (0.001, 0.01, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 

0.8, 0.9, and 1.0 nM). (b) Calibration curve between ΔRct and individual MDMA concentrations. 
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Additionally, the effect of different concentrations of MDMA on developed aptasensor 

was also evaluated by PL spectroscopy, and diminishing fluorescence was observed. As shown 

in Figure 8, with increasing MDMA concentration from 10 pM to 1.0 nM, the PL intensity 

peaks decrease and confirm the target's binding with the sensor. 

 
Figure 8. Change in PL intensity at different concentrations of MDMA (10 pM-1 nM). 

3.5. Scan rate and selectivity. 

To determine the electrochemical mechanism of the prepared aptasensor, the 

relationship between scan rate and redox peak currents was established. As shown in Figure 

9(a), with an increase in √scan rate from 20 to 100 mV/s, there was an increase in peak currents 

of the voltammograms in the presence of 0.18 nM MDMA. The linear calibration curve 

between redox peak current (I) and √scan rate (Figure 9(b)) also confirmed that our 

electrochemical process is diffusion controlled. However, a scan rate of 50 mV/s was elected 

as the optimum scan rate to maintain the high sensitivity while lessening the background noise 

of the current. The association between current and scan rate can be presented as: 

 Ipa (biocathodic)   =  -0.001 (√scan rate) + 0.019 (R² = 0.958)  (2) 

 Ipc (bioanodic)           = 0.001 (√scan rate) - 0.031 (R² = 0.996)  (3) 

 

(a) 
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Figure 9. Evaluation of redox mechanism of aptasensor in the presence of 0.18 nM MDMA: (a) CV curves 

illustrations at scan rates in the range of 20, 30, 40, 50, 60, 70, 80, 90, and 100 mV/s. (b) Calibration curves of 

√scan rate vs. redox current peak. 

To analyze the selectivity of the developed aptasensor, the AptMDMA/N-CDs@SPE 

electrode was challenged with 0.18 nM concentration of MDMA and other interferents GHB, 

aspirin, anisole, benzaldehyde (BA), and mixture. As illustrated in Fig. 10, these interferents 

did not significantly disrupt the electrochemical responses compared to the result derived from 

MDMA incubation. Thus, justify the higher selectivity of the developed sensing device.  

 
Figure 10. Selectivity of developed aptasensor in the presence of 0.18 nM MDMA, BA, 4-GHB, aspirin, 

anisole, benzaldehyde, and the mixture of the interferents. 

3.6. Real sample analysis. 

To evaluate to the applicability of the developed aptasensor, different concentration of 

MDMA in human spiked urine samples was determined. The electrochemical signals of 

MDMA concentration of 0.1, 0.4, 0.7, or 1.0 nM spiked samples exhibited recovery in the 

range of 88-92% (Table 1), indicating good accuracy and excellent potential for practical 

application in analytical chemistry. 

Table 1. Comparative analysis of previously designed electrochemical sensors for MDMA recognition. 

SN Sensor type Sensing 

mechanism 

LOD Linear range Sample type 

1)  Graphite-based sensor [57] DPV 40 μM 500 – 4980 μM PBS buffer 

2)  Gold sensing platform [58] SWV *NR 110.9–258.9 μM Urine 

y = -0.001x + 0.019

R² = 0.958

y = 0.001x - 0.031
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SN Sensor type Sensing 

mechanism 

LOD Linear range Sample type 

3)  Microcantilever immunosensor 

[59] 

Frequency 

shift 

5.0 × 103   μM 5.0 × 103 - 50 × 103 μM *NR 

4)  CB[6]based sensor [19] CV Dip-coating: 3.5 

μM and spin-

coating: 2.7 μM  

4.2 × 10−3 - 4.8 × 10−2 μM *NR 

5)  MIP based sensor [23] SWV 0.7 μM 2.5-200 μM Serum and 

urine 

6)  N-CDs quantum dots based 

Aptasensor [Present study] 

PEIS 0.18 nM 0.01-1.0 nM Diluted urine 

*NR-Not reported 

Table 1 has confirmed that the developed aptasensor in the current study showed a 

significant difference in electrochemical signals for MDMA detection, and N-CDs enhanced 

the electroconductivity-based sensitivity of the platform as expected. The designed aptasensor 

was also validated with spiked, diluted urine samples at MDMA concentrations of 0.1, 0.4, 0.7, 

and 1.0 nM,=as shown in Table 2.  

Table 2.Determination of AptMDMA/N-CDs@SPE based sensing system for MDMA detection in spiked urine 

samples. 

Sample 
Added MDMA 

Conc. (nM) 

Observed MDMA 

conc. (nM) 
Recovery % 

Urine 

0.0 Not detectable 0.0 

0.1 0.092 92% 

0.4 0.352 88% 

0.7 0.64 91.4% 

1.0 0.91 91% 

4. Conclusions 

The current work proposes elegant label-free electrochemical sensing technology for 

MDMA detection using anti-MDMA aptamer-modified SPE. Applying highly selective 

aptamers-based electro-oxidation signals obtained after the MDMA recognition event allowed 

us to obtain a selective (negligible interference) and highly sensitive (detection at pM levels) 

aptasensor. With a LOD of 0.18 nM in the linear range of 0.01-1.0 nM, our aptasensor showed 

applicability for the trace of MDMA quantifications in urine samples.  
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