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g r a p h i c a l a b s t r a c t
� A simple, cost-effective and reagent-
less electrochemical aptamer-based
(EAB) sensor was constructed.

� The sensor enabled sensitive detec-
tion of methamphetamine (MAMP)
with a nanomolar level.

� The recovery window of the MAMP
sensor in bio-sample was far below
the clinical range.

� The method would be hopefully used
for preliminary screening of drugged
driving.
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The availability of sensing platforms able to rapidly measure abused drugs directly in biological fluids in a
single step would allow performing drugged driving screening on the site. The achievement of this goal is
extremely important for preventing and controlling drug abuse and crime incidence. Motived by this, we
constructed a simple, cost-effective and reagentless electrochemical aptamer-based (EAB) sensor with
methamphetamine (MAMP) as the target molecule. This EAB sensor produced a nanomolar level of
detection accuracy in unprocessed or minimally processed bio-samples. Specifically, circular dichroic
spectrum was used to confirm that the truncated aptamer from the original sequence would undergo
large binding-induced conformational changes. We then engineered the aptamer to work in the EAB
platform and the resulting sensor enabled sensitive and specific detection of MAMP with the detection
limit of 30 nM in undiluted serum, 50 nM in undiluted urine and 20 nM in 50% saliva. The sensor has
good recovery rate, implying this method has good reliability and repeatability. The detection limit is far
below the clinical detection threshold, it would be hopefully used for preliminary screening of drugged
driving in real world.

© 2022 Elsevier B.V. All rights reserved.
1. Introduction

Methamphetamine (MAMP) is the most widely abused central
nervous system stimulant and is reported to be the second most
jjsun@fzu.edu.cn (J. Sun).
commonly used class of illicit drugs worldwide with a tendency
toward growth [1,2]. Drug abuse has caused serious harm to people
and society such as the loss of life and health of abusers, increased
treatment costs, and higher crime incidence [3,4]. Drug on-site
detection is of great significance to combating drug crimes and
stopping drug transactions [5,6]. A rapid and cost-effective method
for detecting drugs in body fluids was an important reference basis
for the law enforcement of field trials [7]. For example, the
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shortened sleep time and subsequent fatigue caused by MAMP are
important risk factors for motor vehicle collisions [8]. It is unsafe to
drive when the MAMP concentration in blood is higher than the
threshold of 168 nM [8,9]. At present, various methods have been
developed for detection of MAMP, such as gas chromatography-
mass spectrometry (GC-MS) [10], high-performance liquid chro-
matography (HPLC) [11], immunoassays [12,13], surface-enhanced
Raman spectroscopy (SERS) [14,15], ion mobility spectrometry
[16], fluorescence [17] and electrochemical method [18]. Among
these, electrochemical technology has aroused great interest due to
the advantages of high sensitivity, low cost, simple equipment, and
easy miniaturization [19].

The electrochemical aptamer-based (EAB) sensor platform,
which operates via the target binding-induced folding of DNA and
RNA aptamers was widely used for the detection of small molecule
targets such as metabolites, drugs, and environmental toxins [20].
This technology harness redox-reporter-modified, structure-
switching aptamer as the sensing element [21]. The target-induced
conformation change of the aptamer alters the electron transfer
dynamics between the reporters and the electrode surface in a
monotonically related manner to the target concentration [22,23].
It is still challenging to design MAMP sensors with low cost, simple
aptamer modification and high sensitivity. Ideally, an aptamer
electrochemical sensor requires that the aptamer undergoes a large
conformational change when it binds to the target and has a strong
affinity to the target.

Aptamer truncation has been proved to be an effective means to
reduce cost and enhance target affinity and selectivity [24]. Gao
et al. developed a novel fluorescently labeled aptamer for the
detection of gliotoxin based on optimized truncated aptamer [25].
He et al. screened high-affinity aptamer for methotrexate (MTX)
through SELEX and aptamer truncation, and used them for the
highly sensitive detection of MTX [26]. Interestingly, Ebrahimi et al.
established a specific ssDNA aptamer that can recognize MAMP by
SELEX technology [27]. However, primer chains are required in the
SELEX process, which leads to very long aptamer sequences. The
MAMP aptamer composed of 84 bases is costly to synthesize, and
may also complicate the rational design of biosensors for MAMP
detection [28]. To overcome this obstacle, we removed the primer
chain and chose the 40-base sequence with a good affinity for
Scheme 1. Schematic diagram of EAB sensors and the detection process. The detection of
probes, resulting in a decrease in measured electrochemical signal.
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MAMP. And then, one and two bases were truncated at both ends of
the sequence to obtain 36 nt and 38 nt aptamers. The 38 nt aptamer
was finally found to show stronger structure-switching function-
ality to MAMP compared to the 36 nt and 40 nt aptamer.

In this work, we used circular dichroism to screen out the
aptamer with the largest target-induced conformational change
and modified it with methylene blue on one end and a thiol group
on the other, whichwere immobilized on the gold electrode surface
to construct an EAB sensor for efficient, rapid and selective detec-
tion of MAMP. The design and sensing mechanisms are shown in
Scheme 1. Upon MAMP binding, the aptamer underwent a
conformation change and brought methylene blue away from the
electrode surface, leading to decreases of electric current, thereby
indirectly measuring the molecular concentration. Upon introduc-
tion of the target, binding-induced steric hindrance quantitatively
reduces the efficiency of electron transfer of a distal-end redox
label leading to the rapid signal change within 60 s. Furthermore,
because the redox-active reporter is covalently linked to the nucleic
acid aptamer, this allows sensor function without the addition of
exogenous reagents [29]. To the best of our knowledge, this is the
first reagentless EAB sensor capable of measuring MAMP based on
the “signal off” mechanism. The structure-switching sensor was
unveiled for the specific and rapid sensing of MAMP with good
analytical performances, achieving the nanomolar detection of
MAMP in biofluids such as undiluted serum, urine and 50% saliva,
with detection limits of 30 nM, 50 nM and 20 nM, respectively,
which were far below the physiological concentration threshold.
These results illustrated that the developed assay has significant
potential and offered an alternative to the traditional analytical
methods to achieve the sensitive and efficient detection of MAMP.
2. Experimental section

2.1. Materials

Methylamphetamine, cocaine, ketamine and morphine (1 ppm)
were received from Xiamen Pushi nanotechnology Co., Ltd (Fujian,
China). Tris(2-carboxyethyl) phosphine (TCEP), 6-mercapto-1-
hexanol (MCH) and trizma preset crystals (pH 7.4) were obtained
from Sigma-Aldrich. Fetal calf serum was bought from Tianhang
MAMP relies on MAMP-binding changes to the steric hindrance of signaling aptamer
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Biotechnology Co., Ltd (Zhejiang, China).
DNA oligonucleotides were synthesized and further purified by

Sangon Biotechnology Co., Ltd. (Shanghai, China), 10 mM Tris-HCl
buffer was added to it to a final concentration of 100 mM, and
stored at �20 �C for use. The aptamer sequences we used are as
follows:

Apt-40: 50-ACGGTTGCAAGTGGGACTCTGGTAGGCTGGGTTAATT
TGG-30

Apt-38: 50-CGGTTGCAAGTGGGACTCTGGTAGGCTGGGTTAATT
TG-30

Apt-36: 50-GGTTGCAAGTGGGACTCTGGTAGGCTGGGTTAATTT-30
2.2. Circular dichroism (CD)

The 20 mM Tris buffer (pH 7.4) containing 200 mM NaCl and
5 mM MgCl2 was used for the experiments. The aptamer Apt-40,
Apt-38 and Apt-36 (final concentration 6.0 mM) were added to
binding buffer, respectively, heated at 95 �C for 10 min, and then
immediately cooled down on the ice. Different concentrations of
MAMP were added to the aptamer solution and incubated over-
night at room temperature. The CD spectrums were recorded from
360 to 200 nm on a MOS-450 spectropolarimeter (BIO-LOGIC
Company, France). The data gathered were the average of four
times scans with the scan rate of 100 nm/min subtracting the
spectra of the buffer.

2.3. Sensor fabrication on gold-disk electrodes

A 38-base aptamer sequence was finally used for the EAB sensor,
30 end of this aptamer was labeled with methylene blue (MB) and its
50 end was modified with a six-carbon thiol (SHeC6), which is listed
below: 50eSHeC6-CGGTTGCAAGTGGGACTCTGGTAGGCTGG
GTTAATTTGG-MB-3’. Before sensor fabrication, 2 mm diameter gold
disk electrodes were polished with 1 mm and 0.05 mm diamond
slurry. And then the electrodes were sonicated in ethanol and water
for about 6 min, respectively. The electrodes were cleaned electro-
chemically by cyclic voltammetry (CV) for 500 cycles between�0.35
and �1.35 V (vs. Ag/AgCl) at scan rate of 2 V s�1 in 0.5 M NaOH
solution. Then the electrodes were placed in 0.5 MH2SO4 to perform
CV scanning between 0.4 V and 1.6 V at 4 V s�1, followed by scanning
at 0.1 V s�1 for 20 cycles. The labeled aptamer was first reduced by
mixing 1 mL of the aptamer solution (100 mM) and 9 mL of 100 mM
TCEP solution at room temperature for 2 h. Then PBS buffer (10 mM
phosphate, 1 M NaCl, 1 mM MgCl2, pH 7.0) was added to it and
diluted to obtain 200 nM of aptamer solution. The freshly cleaned
electrodes were incubated in the aptamer solution for 1 h, followed
by washing with deionized water, and then backfilled using 3 mM
MCH solution at room temperature for 1 h. Finally, the sealed elec-
trodes were washed with deionized water and then incubated in
20 mM tris buffer overnight.

2.4. Electrochemical experiments

Electrochemical data were collected using CHI 1030 electro-
chemical workstation (CH Instruments, China). Three-electrode
system including a Au working electrode (Jinhuice.com, Nanjing,
China), a Ag/AgCl (saturated KCl) reference electrode and a plat-
inum wire counter electrode. Electrochemical impedance spec-
trometry (EIS) was carried out in 0.1 M KCl solution containing
5.0 mM [Fe(CN)6]3-/4- in a frequency range from 0.1 Hz to 10 kHz
with 5 mV as the amplitude at room temperature. Square wave
voltammetry (SWV) is exquisitely sensitive to electrode reaction
rates. It's commonly used to interrogate EAB sensor surfaces.
3

Changes in SWV frequency also offer the potential to tune the
sensitivity of EAB sensor [29]. SWV was acquired with 1 mV po-
tential step and an amplitude of 25 mV at the frequency of 200 Hz.
The sensor was immersed in the electrochemical cell which con-
tains the working buffer (20 mM Tris buffer, 200 mM NaCl, 5 mM
MgCl2, pH 7.4). The binding curves were conducted by using the
MAMP concentrations of 0.03, 0.05, 0.1, 0.25, 0.5, 1, 3, 5, 10 and
20 mM. The electrodes were used to detect MAMP inworking buffer,
50% saliva, serum and urine, respectively. The limit of detection
(LOD) is determined based on a signal-to-noise ratio (S/N) of 3 [30].
Scheme 1 illustrates the mechanism of theMAMP aptasensor based
on signal suppression with DNA superstructures. Signal suppres-
sion (SS) was calculated using the following equation:

Signal Suppression (SS) ¼ [(I0 e I)/ I0] � 100%

Where I0 and I are the SWV baseline-subtracted peak currents in
the absence and presence of MAMP under the frequency of 200 Hz,
respectively.

3. Results and discussion

3.1. Secondary structure prediction

To improve the performance of the sensor, we redesigned the
original aptamer and destabilized its secondary structure by trun-
cating the bases at both ends of the aptamer. The truncated
aptamers contained 36 and 38 bases, respectively, and their sec-
ondary structure was predicted by NUPAK (Fig. 1) [31]. The results
showed that this strategy decreased the stability of the aptamer
from �2.17 kJ mol�1 (Apt-40) to �1.2 kJ mol�1 (Apt-36). The
aptamer formed a more open or unfolded state due to this desta-
bilization, resulting in larger target-induced conformational
changes, thus showing greater current signal changes [32].

3.2. Circular dichroism

To find the optimally destabilized variant, conformational
characterization of 36 nt, 38 nt and 40 nt MAMP aptamer was
carried out. The CD spectra of MAMP aptamer in the absence and
presence of different concentrations of MAMP were recorded and
the results were shown in Fig. 2 (A-C). As the target concentration
increased from 0 mM to 100 mM, the peak intensities of different
aptamers at 290 nm changed, indicating that the structure of the
MAMP aptamer was induced to change after ligand binding [33].
The peak at 290 nm in the CD spectrum blue-shifted upon the
addition of MAMP (Fig. 2B), and the intensity increased accordingly
because the addition of MAMP likely stabilized the secondary
structure of the Apt-38 aptamer [8,28] From Fig. 2D, it can be seen
that the peak intensity change of the Apt-38 is larger than that of
Apt-36 and Apt-40. This implied that the conformational change of
the Apt-38 is larger than the change of the other aptamers.
Therefore, the Apt-38 aptamer was used for EAB sensing in sub-
sequent experiments due to its stronger structure-switching
functionality. The 30 end of this aptamer was labeled with methy-
lene blue and the 5’ end was labeled with six-carbon thiol, which
was immobilized on a gold electrode and used to construct an EAB
sensor to detect MAMP.

3.3. Electrochemical impedance spectroscopy (EIS)

EIS was performed to characterize the charge transfer resistance
(Rct) of the electrode interface [34e36]. A redox probe (Fe(CN)63�/

4�) is usually used that its charge transfer ability changes due to
steric or electrostatic blocking of a functionalized electrode [37].

http://Jinhuice.com


Fig. 1. Secondary structure prediction of Apt-36, Apt-38, and Apt-40 aptamer.

Fig. 2. The circular dichroism spectrum of the 6 mM Apt-36 (A), Apt-38 (B), and Apt-40 (C) aptamer with different MAMP concentrations in 20 mM Trisbuffer (pH 7.4) containing
200 mM NaCl and 0.05 mM MgCl2. (D) Peak intensity changes of the circular dichroism spectrum at 290 nm with the increasing concentration of MAMP.
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Fig. 3 displayed the Nyquist plots. The bare Au electrode exhibited a
smaller Rct (curve a), indicating a fast electron transfer process of
the redox couple [Fe(CN)6]3-/4- [38]. A significant semicircle with
enhanced electron transfer resistance was observed after the
modification of aptamer on the electrode surface (curve b). After
the modification of MCH on Au/Apt, the Rct increased obviously,
indicating restricted charge transfer (curve c) [39]. Rct continued to
increase when the Au/Apt/MCH was incubated with 1 mM (curve d)
and then with 5 mM (curve e) MAMP successively. This means that
with the addition of MAMP, more targets are bound to aptamers,
resulting in significant changes in the conformation of aptamers.
4

3.4. The optimum frequency

The frequency of SWV analysis has been regarded as an
important fact to define the sensitivity of the aptamer [40]. The
frequency of the voltammetric measurements can be tuned to
preferentially enhance the signal associated with the target-bound
conformations of the probe [41]. We collected the SWV response
with and without the presence of 5 mM MAMP over frequencies
varying from 5 to 400 Hz. As the frequency increased, the SWV
response current increased (Fig. 4A). At a certain frequency, the
response current was suppressed after the target was added,



Fig. 3. Nyquist plot of different electrodes: bare Au electrode (curve a), the Apt-38
aptamer modified Au electrode (Au/Apt, curve b), Au/Apt/MCH electrode (curve c)
without and with the incubation of 1 mM (curve d) and 5 mM (curve e) MAMP. EIS was
carried out in 0.1 M KCl solution containing 5.0 mM [Fe(CN)6]3-/4- in a frequency range
from 0.1 Hz to 10 kHz with 5 mV as the amplitude at room temperature.
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indicating that the sensor was a signal-off EAB sensor. On hybrid-
ization, the distance between the label and the electrode changed
significantly, resulting in large and easily measurable signal
changes [42]. Fig. 4B shows that the signal change reached a
Fig. 4. (A) The frequency-dependent of SWV current responses for the EAB sensor with a
different frequencies. Frequency: 5, 12, 20, 35, 50, 75, 100, 150, 200, 250, 300, 350, 400 Hz

Fig. 5. SWVs of the MAMP sensor in working buffer (A), undiluted serum (B), undiluted urin
(E), undiluted serum (F), undiluted urine (G) or 50% saliva (H). Error bars represent standa
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relatively large value within the frequency range from 200 to
400 Hz, so subsequent SWV tests were carried out at 200 Hz.
3.5. The detection of MAMP in biofluids

To verify the applicability of this method, we fabricated EAB
sensors using the gold electrode modified with a thiol-methylene
blue-labeled aptamer, which was applied to the detection of
MAMP in the working buffer and different biofluids including un-
diluted serum, undiluted urine and 50% saliva. Typical SWVs with
MB reduction peak were shown and the sensor produced
decreasing current with increasing concentrations of MAMP
(Fig. 5AeD). The target dose-response curve (Fig. 5EeH) was fitted
by the Hill equation (equation (1)) to obtain the parameters of the
MAMP sensor (Table 1) [43].

SS¼ rmin þ ðrmax � rminÞ
½target�n

knd þ ½target�n (1)

Wherein n is the Hill coefficient, SS means the signal suppression;
rmin and rmax represent the minimum and maximum values of the
suppression signal. And kd is the midpoint of the binding curve for
the sensor class. Equation (1) was recast to obtain the target con-
centration (equation (2)):

½Target� ¼ kd

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
SS� rmin

rmax � SS
n

s
(2)
nd without 5 mM MAMP in working buffer. (B) Signal Suppression of 5 mM MAMP at
.

e (C) or 50% saliva (D) and the calibration curves of the MAMP sensor in working buffer
rd deviation from three experiments.



Table 1
The parameters rmin, rmax, k1/2, n for the EAB sensor in working buffer, undiluted
serum, undiluted urine and 50% saliva.

Parameters Buffer Serum Urine Saliva

rmin 3.762 ± 0.879 6.816 ± 0.953 �8.173 ± 5.898 2.686 ± 1.023
rmax 66.89 ± 2.056 42.84 ± 5.908 35.86 ± 1.768 34.169 ± 0.292
K1/2 1.846 ± 0.161 5.094 ± 2.051 0.295 ± 0.145 0.148 ± 0.011
n 0.904 ± 0.064 0.886 ± 0.191 0.448 ± 0.082 1.107 ± 0.073
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From those data, the EAB sensor was able to detectMAMPwith a
limit of detection (LOD) of 30 nM in working buffer (Fig. 5A), and
the detection range was from 30 nM to 20 mM. The dissociation
constant (Kd) was 1.846 ± 0.161 mM (Table 1).

The feasibility of this strategy was further validated by gener-
ating the calibration curve by adding different concentrations of
MAMP to the biofluids. The SWV signal decreased as the MAMP
concentration increased with the range from 30 nM to 20 mM and a
Table 2
Comparison of analytical performance of different MAMP sensors.

Detection Method Modifier

Voltammetric (DPV) PGE
Voltammetric (DPV) GCE/EDOT-BTDA-Pala

/Antibody/MAMP
Impedimetric AuNPs/MWCNTs-Nf/SPE

Impedimetric Antibody-colloidal Au
Electrochemiluminescence GCE/RuSiNPs-Nafion
Fluorimetric Anti-MAMP-CdS QDs
Fluorimetric SiO2@QDs@ms-MIPs
SPR AuNPs-BSA-Anti-MAMP
Colorimetric Salt/Aptamer/AuNPs
EAB sensor Apt-38-MB

Fig. 6. Recovery tests of MAMP sensors interrogated in the working buffer (A) undiluted
accuracy with good recoveries both in working buffer (84.53e115.8%), undiluted serum (82
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measurable detection limit of 30 nM in undiluted serum (Fig. 5B).
The Kd value of the MAMP aptasensor in undiluted serum was
5.094 ± 2.051 mM (Table 1). The lowest measured amount of MAMP
in serumwas sufficient to detect the typical MAMP concentration of
the impaired driver, which was below the concentration threshold
of 168 nM [8]. Moreover, we were able to quantify the MAMP
concentration in the range of 0.05e20 mM in undiluted urine
(Fig. 5C). The LOD of MAMP in undiluted urine was 50 nM, which
was far below the detection threshold in urine (200e671 nM) [9].
And the sensor was also able to detect the MAMP in 50% saliva over
the range of 0.02e20 mM (Fig. 5D) with LOD of 20 nM. Table 2 shows
previously reported assays for MAMP, the detection range and LOD
of this EAB is comparable to several other assays, and requires no
exogenous reagents or modified materials [44e52]. Those results
indicated that this reagentless approach achieved nanomolar
detection of MAMP in biofluids, which provided a rapid and useful
tool for the police to detect drugs on the spot quickly and
conveniently.
Range (mM) LOD (nM) Reference

74e54 � 103 50 44
71.31e713.1 93.2 45

1.15 � 10�3 0.3 46
�2.69 � 10�2

0e1.675 670 47
0.1e10 26 48
0.14e17.85 42.78 49
5e250 1.6 � 103 50
7.13 � 10�3-7.13 1.14 51
2e10 820 52
0.02e20 20 This work

serum (B) undiluted urine (C) and 50% saliva (D), respectively. We achieved excellent
.76e117.47%), undiluted urine (79.10%e127.15%) and 50% saliva (83.50%e127.03%).



Fig. 7. Selectivity of the MAMP sensor in working buffer and undiluted serum. The bar
plot shows signal suppressions produced by cocaine (10 mM), ketamine (10 mM), and
morphine (10 mM) and their cross-reactivity relative to 1 mM MAMP. Inset shows
structures of MAMP, cocaine, ketamine and morphine. Error bars represent the stan-
dard deviations in three individual experiments.
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3.6. The recovery tests

To illustrate the effectiveness of the approach, we applied the
parameters (Table 1) to a new set of sensors in working buffer and
biofluids for recovery tests. The estimated concentrations were fell
within the detection range of the respective calibration curves
generated with aptamer-modified electrodes (Fig. 6). Good re-
coveries were obtained within the acceptable range in both work-
ing buffer (84.53e115.8%), undiluted serum (82.76e117.47%),
undiluted urine (79.10%e127.15%) and 50% saliva (83.50%e
127.03%). The results illustrated the good accuracy of the EAB
sensor and proved that the sensor has practical application feasi-
bility in biological environment.
3.7. The selectivity

We tested the selectivity of the sensor with three interfering
drugs, cocaine, ketamine and morphine. The changes of suppres-
sion signals after the addition of 1 mMMAMP, 10 mM cocaine, 10 mM
ketamine and 10 mM morphine were shown in Fig. 7. We found
those interfering drugs exhibited low levels of signal suppression
which was below 5%. These results indicated that the binding af-
finity of MAMP to Apt-38 was much stronger than that to all other
illicit drugs, rendering the biosensor with high specificity towards
MAMP.
4. Conclusion

In summary, we have developed a simple, fast and reagentless
E-AB sensor for detection of MAMP. Especially, we demonstrated
for the first time the use of truncated aptamer sequences with good
affinities for the detection of MAMP. Through CD characterization,
the aptamer underwent a big a large target- induced conforma-
tional transition, which was finally used to construct the EAB
sensor. The sensor features a fast response time, and was also se-
lective enough to be employed in different biosamples. The signal-
off sensor responded sensitively to MAMP with LODs of 30 nM,
50 nM, 20 nM in undiluted serum, urine and 50% saliva, respec-
tively, which were much lower than the clinical concentration
7

threshold. The sensor had no response to other illicit drugs, such as
cocaine, ketamine and morphine, verifying the good specificity.
This strategy will potentially serve as a rapid tool for illicit drug
screening in biofluids, such as preliminary screening of drugged
driving.
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