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This study describes a novel electrochemical aptasensor for detection of a-synuclein (a-syn) oligomer, an im-
portant biomarker related to Parkinson's and Alzheimer's diseases. The sensing platform is based on exonuclease
I (Exo I), terminal deoxynucleotidyl transferase (TdT) and methylene blue. The aptasensor exploits the improved
sensitivity because of applications of TdT and Exo I and also a label-free aptamer (Apt). Furthermore, direct
immobilization of complementary strand of aptamer (CS) instead of Apt on the surface of electrode prohibits Apt
self-assembled monolayer aggregation and keeps the function of the Apt. In the absence of a-syn oligomer, TdT
enhances lengths of Apt and CS and so, increases accumulation of methylene blue as redox agent on the surface
of electrode, leading to a strong current signal. While in the presence of a-syn oligomer, Exo I digests CS on the
electrode surface, resulting in less accumulation of methylene blue on the electrode surface and a weak current
signal. The relative electrochemical signal of the aptasensor increased linearly with the logarithm of a-syn
oligomer concentration in the range from 60 pM to 150 nM. The detection limit was 10 pM. Furthermore, the
sensor showed high precision and repeatability for detection of a-syn oligomer in serum samples.

1. Introduction pretreatment and skilled operators (Leung et al., 2015; Sun et al.,

2017). So, it is vital to develop analytical methods for detection of a-

Parkinson's disease and dementia are the most prevalent neurode-
generative disorders in the world (Cremades et al., 2017). They are
characterized by a-synuclein (a-syn) oligomers which are commonly
found in the plasma and cerebrospinal fluid of patients (Ayoobi et al.,
2017; Tsukakoshi et al., 2012; Zheng et al., 2018). Thus, sensing of a-
syn oligomer has great potential for early diagnosis of these neurode-
generative diseases.

Currently, the reliable determination of a-syn oligomer depends on
instrumental detection, such as atomic force microscopy, mass spec-
trometry and capillary electrophoresis. These analytical techniques are
usually expensive and need complex and time-consuming sample

syn oligomer which are simple and more economical.

Recently, aptamers as recognition elements have obtained in-
creasing interest in the development of analytical methods. Aptamers
are functional single-stranded oligonucleotides isolated from random-
sequence nucleic acid libraries through Systematic Evolution of Ligands
by EXponential enrichment (SELEX) in vitro (Geng et al., 2018; Niazi
et al., 2018). They can recognize a broad range of target analytes with
high affinity and selectivity (Hu et al., 2018; Liu et al., 2018). Com-
pared to antibodies, aptamers have some merits, including simple and
rapid synthesis, thermal stability, ease of labeling, resistance to dena-
turation and low cost (Abnous et al., 2018; Yang et al., 2018; Zejli et al.,
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2018).

Over the last few years, electrochemical aptasensors have received
increasing attention due to their superior features, including minia-
turization of the electrochemical instruments, high sensitivity and
simple operation (Abnous et al., 2017; Ensafi et al., 2018; Jiang et al.,
2018).

In this contribution, a novel electrochemical aptasensor was in-
troduced for detection of a-syn oligomer based on screen-printed gold
electrode (SPGE), methylene blue, exonuclease I (Exo I) and nontarget-
induced increase of size of aptamer (Apt) and its complementary strand
(CS) triggered by terminal deoxynucleotidyl transferase (TdT). In this
work, CS was covalently immobilized on the surface of SPGE. So that,
Apt could use its CS to attach on the surface of electrode, leading to
increase of the affinity and function of Apt toward its target due to
application of label-free aptamer and prevention of Apt self-assembled
monolayer aggregation (Sun et al., 2018a). In addition, application of
TdT led to high accumulation of methylene blue as redox agent on the
electrode surface in the absence of target, while use of Exo I resulted in
very low presence of methylene blue on the surface of electrode in the
presence of a-syn oligomer, leading to improvement of the sensitivity of
the designed aptasensor. Moreover, SPGE allowed portable and feasible
in situ detection of a-syn oligomer.

2. Materials and methods
2.1. Materials

a-syn oligomer (Apt) (Sun et al., 2017; Tsukakoshi et al., 2012),
5-TTTTTGGTGGCTGGAGGGGGCGCGAACG-3’, and its complementary
strand (CS), 5’-Thiol-TTCCCGTTCGCGCCCCCTCC-3’, were synthesized
by Bioneer (South Korea, the underlined sequences are complementary
regions). Recombinant human a-synuclein (a-syn) protein aggregation
and human cardiac troponin I protein were obtained from Abcam
(United Kingdom). 2’-deoxythymidine 5’-triphosphate (dTTP), human
serum albumin (HSA), methylene blue, human serum, immunoglobulin
G (IgG), Tris(2-carboxyethyl) phosphine hydrochloride (TCEP) and 6-
mercaptohexanol (MCH) were purchased from Sigma-Aldrich (USA).
Platelet-derived growth factor-BB (PDGF-BB) and human myoglobin
were purchased from ProSpec (USA). Exonuclease I and terminal
deoxynucleotidyl transferase (TdT) were ordered from Thermo Fisher
Scientific (USA).

2.2. Apparatus and instrumentation

Atomic force microscopy (AFM) and scanning electron microscopy
(SEM) images were recorded on a JPK Nanowizard II microscope
(Germany) and TESCAN MIRA3 microscope (Czech Republic), respec-
tively.

The electrochemical detections were performed on disposable
screen-printed gold electrodes (SPGEs, DRP-C220BT, Spain) using a
ustat 400 portable Biopotentiostat/ Galvanostat (DropSens, Spain).
DropView8400 software was used to obtain the values of electro-
chemical signals.

2.3. Fabrication of the electrochemical aptasensor (Apt-CS-modified
electrode)

10 u. TCEP-treated 5’-Thiol CS (1 uM) was immobilized on the
surface of electrode for 3h at room temperature (100% humidity).
Then, the unbound CS was thoroughly washed away using ultrapure
water. Thereafter, 10 uL. Apt (1 uM) was dropped on the surface of
electrode and incubated for 90 min at room temperature, followed by
rinsing of the electrode surface with ultrapure water. Finally, the blank
sites on the surface of electrode were blocked by 1 mM MCH for 1 h.
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2.4. Electrochemical measurement of a-syn oligomer

Human serum samples were diluted 10 times for detection of a-syn
oligomer. Then, various concentrations of a-syn oligomer (0-300 nM)
were added into diluted serum samples. Next, 10 pL of the above mix-
tures were placed on the surfaces of Apt-CS-modified electrodes for
30 min at room temperature. Thereafter, the electrodes were incubated
with 20 U Exo I for 40 min at 37 °C, followed by rinsing of the surfaces
of electrodes with ultrapure water. After that, 10 puL reaction mixture
containing 15 U TdT, 1X TdT reaction buffer and 10 mM dTTP was
placed on the surfaces of electrodes for 75 min at 37 °C. After washing
of the surfaces of electrodes, 10 ul. methylene blue (120 uM) was
dropped on the surfaces of electrodes and incubated for 10 min. Finally,
the surfaces of electrodes were washed by ultrapure water and differ-
ential pulse voltammetry (DPV) was performed in 10 mM phosphate
buffer saline (PBS, pH 7.4) with potential range from — 0.41V to
— 0.31V, pulse potential of 0.05V and pulse time of 50 ms.

2.5. Assessment of selectivity of the aptasensor

To determine the selectivity of the sensing platform, the common
interfering proteins such as HSA, IgG, myoglobin, PDGF-BB and cardiac
troponin I (150 nM the concentration of each substance) were mon-
itored using the designed aptasensor as mentioned above.

3. Results and discussion
3.1. Principle of the aptasensor for a-syn oligomer detection

The principle of the sensing platform for detection of a-syn oligomer
has been illustrated in Scheme 1. It is based on target-induced dis-
placement reaction, Exo I as an amplifying element of sensitivity and
nontarget-induced extension of Apt and its CS lengths caused by TdT.

Exo I is an enzyme which can selectively hydrolyze single-stranded
DNA (ssDNA) in the direction of 3-5” (Huang et al., 2018; Sun et al.,
2018b). TdT is a DNA polymerase which catalyzes the addition of
mononucleotides to the 3’-OH end of DNA molecules, leading to for-
mation of long ssDNA (Guo et al., 2018; Luo et al., 2017).

5’-Thiol CS is covalently bound to SPGE using Au-S bond. Then, Apt
is immobilized on the surface of electrode through its Watson crick
hybridization with CS (Fig. S1, lane 3). In the presence of a-syn oli-
gomer, target-induced displacement reaction occurs and Apt-Target
complex leaves the CS (Fig. S1, lane 6) and the surface of electrode. So,
Exo I can digest 3’-end of CS on the surface of electrode (Fig. S1, lane 7),
leading to low accumulation of methylene blue on the electrode surface
following the addition of TdT and a weak electrochemical signal.

In the absence of a-syn oligomer, dsDNA (Apt/CS) remains intact
and, so that, is protected against Exo I digestion (Fig. S1, lane 4). Thus,
TdT can catalyze poly T generation at the 3’-terminus of CS and Apt,
resulting in long ssDNAs on the surface of electrode (Fig. S1, lane 5).
Therefore, methylene blue as a positively charged redox agent can in-
teract with these long ssDNAs and also dsDNA on the SPGE surface
through both electrostatic force and intercalating binding, resulting in a
strong current response.

3.2. Optimization of the experimental factors

The electrochemical performance of the sensing platform can be
affected by different parameters, including the concentration of Exo I
and incubation time of TdT. To obtain the best analytical performance
of the sensing platform, these parameters were optimized.

To examine the influence of Exo I concentration on the response of
aptasensor, various concentrations of Exo I (5-30 U) were dropped on
the surfaces of Apt-CS-modified electrodes treated with a-syn oligomer.
Then, the relative electrochemical signals were recorded using DPV.
Fig. 1(a) shows that relative electrochemical signal increased with the
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Scheme 1. Schematic illustration of the assembly of the Apt-CS modified electrode and the principle of the electrochemical aptasensor for detecting a-synuclein

oligomer.
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Fig. 1. Optimization of the experimental parameters. (a) Effect of Exo I con-
centration on the relative electrochemical response (Ip - I) of Apt-CS-modified
electrodes treated with a-syn oligomer. I, and I are the current signals before
and after addition of Exo I. (b) Relative electrochemical signals (I - Iy) of Apt-
CS-modified electrodes treated with Exo I at various incubation time of TdT. I,
and I are the current signals before and after addition of TdT.

increase of concentration of Exo I and reached plateau at 20 U Exo L.
Therefore, this concentration was chosen for the next experiments.
Incubation time of TdT was another important factor which was
optimized. Apt-CS-modified electrodes treated with Exo I were in-
cubated with 15 U TdT with varying incubation times from 15 to
90 min. The relative electrochemical signal reached plateau at 75 min
(Fig. 1(b)). Thus, 75 min incubation time of TdT was adopted for other
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experiments.

3.3. Electrochemical characterization of Apt-CS-modified electrode and
evaluation of the feasibility of the aptasensor

The cyclic voltammetry (CV) was employed to characterize the
various fabrication steps of the aptasensor (Fig. 2). After the mod-
ification of SPGE with CS, the peak current was observed (orange curve,
e curve) because the positively charged methylene blue as redox agent
interacted with negatively charged CS by electrostatic forces, con-
firming covalent binding of CS on the surface of electrode. Addition of
Apt further enhanced the redox peak (green curve, b curve), owing to
the more loading of methylene blue on the surface of electrode via its
interaction with dsDNA (Apt/CS) on the surface of electrode, suggesting
the successful capture of Apt and its hybridization with CS on the
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Fig. 2. Electrochemical characterization of the sensing platform fabrication and
function. CS-modified electrode (orange curve, e curve), Apt-CS-modified
electrode (green curve, b curve), Apt-CS-modified electrode + Exo I (pink
curve, c curve), Apt-CS-modified electrode + ExoI + TdT (blue curve, a curve),
Apt-CS-modified electrode + a-syn oligomer (black curve, d curve), Apt-CS-
modified electrode + a-syn oligomer + Exo I (red curve, g curve), Apt-CS-
modified electrode + a-syn oligomer + Exo I + TdT (gray curve, f curve). CV
measurements were carried out in PBS solution, scanning from — 0.6V to
— 0.05V at a scan rate of 100 mV/s.
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electrode surface. In the absence of a-syn oligomer, the signal response
slightly changed after the Apt-CS-modified electrode was incubated
with Exo I (pink curve, c curve), showing the protection of dsDNA
structure on the surface of electrode against Exo I digestion. However,
in the presence of TdT, the electrochemical signal increased greatly
(blue curve, a curve) because of the elongation of the lengths of both
Apt and CS on the surface of electrode and accumulation of more me-
thylene blue on the electrode surface. In the presence of a-syn oligomer,
the redox current significantly decreased (black curve, d curve) com-
pared to current signal of Apt-CS(dsDNA)-modified electrode (green
curve, b curve) due to the formation of Apt-Target complex, leading to
release of Apt from CS and electrode surface and presence of less
amounts of methylene blue on the electrode surface. In this situation,
upon addition of Exo I, the current signal was further reduced (red
curve, g curve) owing to the digestion of CS as a ssDNA on the surface of
electrode via Exo I which triggered less accumulation of methylene blue
on the surface of electrode. Addition of TdT slightly changed the peak
current because low amounts of oligonucleotides existed on the elec-
trode surface (gray curve, f curve).

The results of gel retardation assay (Fig. S1) which were mentioned
in the sensing scheme, also confirmed the function of the presented
aptasensor.

Moreover, the immobilization of CS on the surface of electrode was
further analyzed through investigation of morphology and roughness of
electrode surface by SEM and AFM, respectively. The results showed
that the morphology of bare electrode changed following the addition
of CS (Fig. S2). Also, the roughness of electrode increased following the
treatment with CS (Fig. S3). All these results verified the immobiliza-
tion of CS on the electrode surface (Srivastava et al., 2018; Yang et al.,
2018).

3.4. Quantitation of a-syn oligomer

Under optimized conditions, the DPV measurements were per-
formed. The presented aptasensor was incubated with serum samples
containing various concentrations of a-syn oligomer to quantitatively
analyze the response of the sensing platform toward a-syn oligomer. As
indicated in Fig. 3(a), the DPV peak current decreased with the increase
of a-syn oligomer concentrations. The sensing platform displayed a
wide linear relationship between the relative electrochemical signal
and the logarithm of a-syn oligomer concentrations in the range of
60 pM to 150 nM (Fig. 3(b)), with limit of detection (LOD) of 10 pM (S/
N = 3). Relative to a colorimetric aptasensor using gold nanoparticles
for a-syn oligomer detection (LOD of 10nM) (Sun et al., 2017), the
designed sensing platform was superior in sensitivity.

3.5. Selectivity performance of the aptasensor

To determine the aptasensor specificity, the response of aptasensor
was evaluated in the presence of different interfering proteins. As
shown in Fig. 4, a-syn oligomer (target) caused at least 8-time increase
in the relative electrochemical signal compared to other interfering
proteins. This proved that the developed sensing platform had good
specificity toward a-syn oligomer.

3.6. Recovery assay

To investigate the repeatability and accuracy of the proposed sen-
sing platform, the electrochemical aptasensor was used to determine
known concentrations of a-syn oligomer spiked in serum samples. It
was found that recoveries changed within the range of 95.3-107% with
the relative standard deviations (RSDs) between 1.8% and 4.9%
(Table 1). Generally, the acceptable recovery range for aptasensors is
between 88% and 110% (Deng et al., 2018; Li et al., 2018; Pan et al.,
2018; Zhang et al., 2018). These results offered the designed electro-
chemical aptasensor has potential to detect a-syn oligomer in real
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Fig. 3. (a) DPV of the proposed aptasensor in the presence of serum samples
containing a-syn oligomer with different concentrations (0-300 nM). (b) The
linear relationship of the relative electrochemical signal (I — I) vs. the loga-
rithm of a-syn oligomer concentration. I and I are the current signals before
and after addition of a-syn oligomer.
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Fig. 4. Selectivity test of the sensing system for a-syn oligomer. The relative
electrochemical signal change (I, — I) of the sensing system with interfering
proteins (the concentration of each substance was 150nM). I, and I are the
current signals before and after addition of each substance.
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Table 1
Recovery of a-Syn oligomer from human serum samples. Data are mean = RSD
(n =15).

Serum Added a-Syn Found Recovery (%) RSD (%,

samples oligomer (nM) (nM) n=>5)

1 2 21 105 4.9

2 10 10.7 107 4.9

3 30 28.6 95.3 3.6

4 100 98.6 98.6 1.8
samples.

3.7. Stability of the sensing platform

The long-term stability of the aptasensor indicated a loss of about
3.5% in response (n = 4) when the designed analytical method was
utilized for detection of 20 nM a-Syn oligomer by the modified elec-
trodes which have been stored at 4 °C for 15 days (Fig. S4). These re-
sults verified high stability of the proposed analytical method.

4. Conclusion

In summary, a novel electrochemical aptasensor was designed for
sensitive detection of a-syn oligomer based on TdT, Exo I, methylene
blue and target-induced displacement of Apt. The sensor was designed
in a way in which the presence or absence of a-syn oligomer led to
accumulation of very different amounts of methylene blue as redox
agent on the surface of electrode. Also, applications of TdT and Exo I
could significantly improve the sensitivity of the developed sensing
method. The aptasensor showed high selectivity toward a-syn oligomer
with a detection limit of 10 pM. Moreover, the presented electro-
chemical aptasensor was successfully applied for precise and repeatable
analysis of serum samples containing different concentrations of a-syn
oligomer, showing the fabricated aptasensor can provide a new sensing
platform for detection of a-syn oligomer in real samples. However, the
use of TdT enzyme enhances the cost and detection time of the devel-
oped sensing approach. The developed analytical technique can be
easily extended for detection of other proteins by replacements of Apt
and its CS.
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