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ARTICLE INFO ABSTRACT

8-Hydroxy-2’-deoxyguanosine (8-OH-dG) is a principal stable marker of DNA oxidative damage. Sensitive and
specific detection of 8-OH-dG is of great importance for early disease diagnosis. In this paper, we developed an
electrochemiluminescence aptasensor for 8-OH-dG detection based on target induced multi-DNA release and
nicking enzyme signaling amplification strategy. First, three kinds of short DNAs were aligned on the aptamers
immobilized on the magnetic beads. In the presence of 8-OH-dG, the aptamer recognized and specifically bound
with 8-OH-dG, leading to the release of three kinds of short DNAs and three-fold signal amplification. Then the
released short DNAs hybridized with ferrocence (Fc) labeled hairpin DNA (Fc-HP) immobilized on the gold
electrode to form a double strand DNA. Subsequently, nicking endonuclease (Nt.Alwl) recognized the asym-
metric sequence in the dsDNA and cleaved the substrate strand (Fc-HP) into two parts, one fragments containing
Fc would leave the surface of electrode. Based on the quenching effect of Fc on the electrochemiluminescence
(ECL) of Ru(bpy)s>* /TPA, a signal-on ECL aptasensor was developed. At the same time, three kinds of short
DNAs were released again and reused to initiate the repeated cycles of hybridization-cleavage. Under double
signal amplification, this aptasensor achieved a low detection of 25 fM and a wide linear range from 100 fM to
10 nM for 8-OH-dG. Besides, the amount of 8-OH-dG in urine samples derived from different people were de-
termined with satisfactory results.
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1. Introduction example, a study showed that the 8-OH-dG level in aqueous humor was

higher in patients with age-related macular degeneration, and the level

Oxidative DNA damage, induced by ionizing radiation and other
oxygen radical generating systems, is known to involve DNA strand
scission, base deletion, and formation of modified DNA bases (Culp
et al., 1989). Oxidative DNA damage can contribute to mutation and
cancer (Lin et al., 2004a). Although many different oxidative DNA
damage products have been identified, 8-hydroxy-2’-deoxyguanosine
(8-OH-dQG) is the most common oxidative DNA lesion, which takes place
by hydroxyl radical attack at the C-8 position of guanine followed by a
1-electron oxidation (Holmberg et al., 1999; Bogdanov et al., 1999). In
general, the urinary level range of 8-OH-dG in healthy human is 0 ~
50 nM (Renner et al., 2000; Wu et al., 2017; Lin et al., 2004b; Svoboda
and Kasai, 2004; Lengger et al., 2000). Increasing of 8-OH-dG con-
centrations can cause a number of disorders including cancer, neuro-
degenerative diseases and diabetes (Bogdanov et al., 1999). For
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was correlated with the area of macular lesion (Lau et al., 2010). 8-OH-
dG is excreted into the urine without further metabolism and its level is
not influenced by diet because it is not absorbed through the digestive
system. So the urinary level of 8-OH-dG is regarded as an important
biomarker of endogenous oxidative damage to DNA (Lin et al., 2004a;
Cooke et al., 2002).

The assessment of 8-OH-dG in urine provides a non-invasive ap-
proach to evaluate the extent of DNA oxidative damage and repair. At
present, chromatography is the most common method to detect 8-OH-
dG including high performance liquid chromatography with electro-
chemical detection (HPLC-ECD) (Pilger et al., 2002; Samcova et al.,
2004; Koide et al., 2010), high performance liquid chromatography
-coupled mass spectroscopy (HPLC-MS) (Harri et al., 2007; Kataoka
et al., 2016), and gas chromatography-coupled mass spectroscopy (GC-
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MS) (Lin et al., 2004b). Although HPLC techniques are sensitive for the
detection of 8-OH-dG, they often require expensive and time-con-
suming clean-up procedures before the assay of complex urine samples
(Bogdanov et al., 1999). Furthermore, HPLC-MS and GC-MS are limited
at present due to its special, high cost and cumbersome equipment.
Enzyme-linked immunosorbent assay (ELISA) is another frequently
used method to assay 8-OH-dG with high sensitivity and simple in-
strument (Saito et al., 2000; Chiou et al., 2003). However, this im-
munoassay might suffer from the questions regarding the specificity
(Cooke et al., 2006). Therefore, it is urgent to develop a specific method
that is fast, sensitive, simple, selective and cost effective for the de-
termination of trace 8-OH-dG in urine.

Aptamers are DNA or RNA molecules generated through an in vitro
selection process called SELEX (Systematic Evolution of Ligand by
Exponential enrichment), which possess the ability to recognize various
targets such as small molecules, proteins, metal ions and even cell.
Currently, hundreds of aptamers have been reported and the aptamer-
based biosensors have become attractive in analytical applications be-
cause of its advantages such as cheap, easy synthesis and labeling,
thermal and chemical stability (Gémez et al., 2019). The unique nucleic
acids structure of aptamer can transform the detection of target to a
nucleic acid quantification event, and this allows the use of different
nucleic acid amplification strategies to improve the sensitivity of the
biosensor (Gomez et al., 2019; Li et al., 2015). A variety of amplifica-
tion techniques have been employed to improve the sensitivity in-
cluding polymerase chain reaction (PCR), rolling circle amplification
(RCA) (Zhu et al., 2016), strand displacement amplification (SDA) (He
et al., 2012), hybridization chain reaction (HCR) (Bi et al., 2017),
exonuclease-assisted signal amplification (Lin et al., 2018; Huang et al.,
2016), and nicking endonuclease-assisted signal amplification (NESA)
(Yao et al., 2015). Specifically, NESA has become a novel isothermal
amplification tool in recent years. NESA assays mainly involve the use
of specific nicking enzymes that can recognize specific sequences on
double stranded DNA and cleave only one strand at that restriction site
(Gémez et al., 2019; Li et al., 2015). NESA assays can achieve ex-
ponentially amplification by the cleavage of probe and release of the
target DNA. Aptamers can be used in NESA assays to detect targets
other than nucleic acids. The key for the fabrication of aptasensor based
on NESA assays is how to establish the relationship between aptamer
and recognition sequence.

In recent years, electrochemiluminescence (ECL) detection has at-
tracted wide interests due to its outstanding characteristics including
simple equipment, low cost, high sensitivity, and low background (Li
et al., 2016). Among various ECL systems, ECL based on tris(2, 2’-bi-
pyridyl) ruthenium(II) (Ru(bpy)32+) is well received owing to its easy
operation, high sensitivity, and excellent stability (Zhang et al., 2016).
Cao et al. reported that ferrocene (Fc) molecule can efficiently quench
ECL of Ru(bpy)s** (Cao et al., 2006). Wu et al. established an ECL
sensing platform for the detection of adenosine based on Fc-labeled
structure-switching signaling aptamer (Wu et al., 2013). In the present
work, we developed an ‘signal-on” ECL aptasensor for 8-OH-dG detec-
tion based on the structure-switching of Fc-labeled hairpin DNA (Fc-
HP) immobilized on gold electrode (Scheme 1). Unlike most electro-
chemical aptasensors prepared by directly immobilizing aptamer on the
electrode surface, we firstly connected 8-OH-dG aptamer with magnetic
beads by amide bond. Then every aptamer hybridized with three kinds
of short DNA strands (P1, P2, P3), which consisted of two parts: one
complementary to aptamer and another to Fc-HP. In the presence of 8-
OH-dG, three kinds of short DNAs were released again due to the affi-
nity between aptamer and target. After magnetic separation, the re-
leased short DNAs were left in the supernatant. In the next procedure,
the released short DNAs hybridized with Fc-HP immobilized on gold
electrode to form double DNA strands. In the presence of nicking en-
donuclease (Nt.Alwl), Fc-HP would be cleaved into two parts and one
part containing Fc would leave the surface of electrode. Meanwhile,
three kinds of short DNAs were released and then hybridized with
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another Fc-HP to initiate a new cycle of nicking endonuclease cleavage
reaction. Because of nicking endonuclease-assisted recycling amplifi-
cation, more Fc would leave the surface of the gold electrode. Ac-
cordingly, the ECL intensity of Ru(bpy)s*>*/TPA system would be en-
hanced greatly and the detection sensitivity would be improved. The
fabricated aptasensor possessed two merits: First, every long aptamer
hybridized with three kinds of short DNAs, one biological binding event
would cause the release of three kinds of DNAs simultaneously, and as a
result, triple the signal would be amplified. Second, nicking en-
donuclease-assisted amplification strategy realized the recycling of
three kinds of short DNAs, which greatly improved the detection sen-
sitivity. With such design, the ECL aptasensor achieved an ultrasensitive
response to 8-OH-dG, indicating a promising potential for evaluation of
oxidative DNA damage.

2. Experimental
2.1. Materials and reagents

All oligonucleotides used in the experiment were synthesized by
Sangon Biotechnology Co., Ltd. (Shanghai, China), and their sequences
were listed in Table S1. The nicking enzyme (Nt.Alwl, 10000 U/mL) and
10 x NEB buffer (500 mM NaCl, 100 mM Tris-HCl, 100 mM MgCl,, and
10 mM dithiothreitol, pH 7.9) were purchased from the New England
Biolabs (Ipswich, U.S.A.). 8-Hydroxy-2’-deoxyguanosine (8-OH-dG),
guanine, and guanosine were purchased from Sigma-Aldrich. Uric acid,
urea, ascorbic acid, tris-(hydroxymethyl)-aminomethane (Tris), tris-(2-
carboxyethyl)-phosphine hydrochloride (TCEP), 6-mercapto-1-hexanol
(MCH), and carboxylated Fe;O4 magnetic beads were purchased from
Aladdin Inc. (Shanghai, China). Tris (2,2’-bipyridyl) ruthenium (II)
chloride hexahydrate (Ru(bpy)32+), N-(3-(dimethylamino) propyl)-N’-
ethylcarbodiimide hydro-chloride (EDC), and N-hydroxysuccinimide
(NHS) were purchased from Alfa Aesar. Tri-n-propylamine (TPA) was
purchased from Shanghai Macklin Biochemical Co., Ltd. Other reagents
such as NaCl, Zn(NOs3),, MgCl,, Cu(NOs3), were purchased from
Shanghai Reagent Corporation (Shanghai, China). All these reagents
were of analytical grade and without further purification. DNA was
stored in Tris-HCl (10 mM, pH 8.0) containing 1.0 mM EDTA. Tris-HCl
buffer (10 mM, pH 7.4) containing 100 mM NaCl and 5 mM MgCl, was
employed for hybridizing and washing. Furthermore, the thiolated Fc-
HP was reduced in 2mM TCEP for 1h to cleave disulfide bonds, re-
spectively. All solutions were prepared with Milli-Q water (18 mQ cm
resistivity) from a Millipore system.

2.2. Preparation of aptamer-modified magnetic beads

Aptamer —modified magnetic beads were prepared as reported
previously (Dong et al., 2018). 100 uL of 5mgmL~* carboxylated
magnetic beads (MBs) were washed three times with 0.5 mL imidazole-
HCI buffer (pH 7.4). Then MBs were activated in 200 L of 0.1 M imi-
dazole-HCI buffer containing 10 mg of NHS and 20 mg of EDC for 1 h
with shaking at room temperature. After that, 5puL of 100 uM amino-
modified aptamer was added into the activated MBs solution, the
mixture reacted for 12 hat 37 °C to form aptamer-MBs (Fig. S1 showed
the aptamers were mainly bound to MBs by amide bond and the non-
specific adsorption was small). After being separated and washed with
imidazole-HCl buffer, the aptamer-MBs immersed in 3% BSA solutions
for 1 hat 37 °C to remove the nonspecific sites. Then the aptamer-MBs
was redispersed in 200 pL of PBS buffer (0.1 M, pH 7.4) after separation
and wash. Next, 150 pL of three kinds of short DNAs (P1, P2, P3, 10 uM
for each) was added to the above solution incubating for 2hat 37 °C.
After being washed with PBS buffer, the final P1/P2/P3-aptamer-MBs
complex was redispersed in 200 pL. of PBS buffer and stored in a re-
frigerator at 4 °C for further use.
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Scheme 1. Design strategy of the ECL aptasensor. (A) Aptamer recognition and release of three short DNAs. (B) ECL detection principle for 8-OH-dG.

2.3. Fabrication of ECL aptasensor

A gold electrode (2 mm in diameter) was polished on a microcloth
with 0.05um alumina slurry for 5min, followed by sonicating in
ethanol and water for 5 min, respectively. Then the polished electrode
was electrochemically cleaned in 0.5M H,SO4 solution by scanning
from -0.3 V to +1.5 V until a steady-state cyclic voltammogram was
obtained. After being thoroughly rinsed with Milli-Q water and dried
with nitrogen, 5 pL of 0.2 pM Fc-HP was dropped on the cleaned
electrode surface for incubating 2.5 h at 37 °C. After that, 6 pL of 1 mM
MCH was dropped on the Fc-HP modified electrode for 0.5 h at room
temperature to block the unoccupied surface binding sites. The ob-
tained MCH/Fc-HP modified electrode was used to the hybridization
with P1, P2 and P3.

Next, different concentrations of 8-OH-dG were mixed with 5 pL P1/
P2/P3-aptamer-MBs suspension. Then the mixture was diluted to 10 pL
with PBS buffer and reacted for 2hat 37 °C to release three kinds of
short DNAs. The released short DNAs were left in the supernatant after
magnetic separation. 5 pL of the supernatant was dropped on the MCH/
Fc-HP modified electrode incubating for 1 h at 37 °C. Subsequently, the
electrode was treated with 5 uL of 10 U Nt.Alwl for 1.5h at 37 °C. After
each modification step, the electrode surface was washed with 10 mM
Tris-HCl buffer (pH 7.4) and dried with nitrogen. Finally, the electrode
was placed in 5mL of PBS (pH 7.4) containing 10 mM LiClO4, 0.4 mM
Ru(bpy)ngr and 0.06 mM TPA to perform the ECL measurements.

2.4. Electrochemical and electrochemiluminescence detection

All electrochemical experiments were performed with a CHI 760C
electrochemical workstation (CH Instruments, Shanghai, China) with a

conventional three-electrode system comprising a gold working elec-
trode, a platinum wire auxiliary electrode, and a Ag/AgCl reference
electrode. ECL was recorded with an electrogenerated chemilumines-
cence analyzer (Xi'an Remax Tech. Co. Ltd.). Electrochemical im-
pedance spectroscopy (EIS) was carried out in 5mM [Fe(CN)g]>”* so-
lution containing 0.1 M KCI with the frequency range from 0.1 Hz to
10 kHz. The amplitude of the applied sine wave potential was 5 mV and
the formal potential of the system was set at +0.22 V. The ECL mea-
surement was performed with cyclic voltammogram at a potential
ranging from 0.0 V to 1.2 V at a scan rate of 100 mV s~ ! in 5.0 mL of
PBS (pH 7.4) solution containing 10 mM LiClO4, 0.4 mM Ru(bpy)32+
and 0.06 mM TPA with a conventional three-electrode system. The
photomultiplier tube (PMT) was set at +800 V.

3. Results and discussion
3.1. Feasibility of the ECL aptasensor

The polyacrylamide gel electrophoresis (PAGE) was used to char-
acterize the hybridization between aptamer and three kinds of short
DNAs. As shown in Fig. S2, lanes 1, 2, 3 and 4 showed the GE results for
P1, P2, P3 and aptamer, respectively. Because the P2 and aptamer se-
quence easily form dipolymer, two distinct bright bands were observed
(lane 2 and 4). Lane 5 exhibited a distinct band at the top of the strip,
indicating the formation of aptamer — three short DNAs complexes.

The feasibility of the proposed ECL aptasensor was confirmed by EIS
and ECL measurements. In a typical EIS, the diameter of semicircle
equals to the electron-transfer resistance, which reflects the electron
transfer kinetics of the redox probe ([Fe(CN)¢]>“*) at the electrode
surface. As shown in Fig. 1A, a very small semicircle was observed for
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Fig. 1. (A) EIS of gold electrode at different stages: (a) bare Au electrode, (b) Fc-HP/Au, (c) MCH/Fc-HP/Au, (d) P1/P2/P3/MCH/Fc-HP/Au, (e) nicking of electrode
d by Nt.AIwl. (B) ECL response of bare electrode (a), MCH/Fc-HP/Au (b), P1/P2/P3/MCH/Fc-HP/Au before (c) and after nicking by Nt.AlwI (d) in Ru(bpy)s>* /TPA
solutions. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

bare gold electrode (curve a), indicating a fast electron-transfer process
of Fe(CN)>/* redox system. The resistance increased with the im-
mobilization of Fc-HP on the gold electrode surface (curve b) due to the
effective repulsion between the negatively phosphate structure of DNA
and Fe(CN)>/* anions. Subsequent surface blocking with 6-mercap-
tohexanol (MCH) also led to an obvious increase in resistant (curve c).
After hybridization with released three short DNAs (P1, P2, P3), the
resistance increased furtherly (curve d). After nicking by Nt.Alwl, the
resistant decreased greatly (curve e) because Fc-HP strands were
cleaved two parts by nicking endonuclease cyclically, only leaving one
part on the electrode.

Fig. 1B showed the ECL intensity of the proposed aptasensor at
different modification stages. Ru(bpy)s>*/TPA system exhibited a
strong ECL peak at bare gold electrode (curve a). However, the ECL
intensity decreased greatly when Fc-HP was captured on electrode
surface (curve b). As shown in Fig. S3, the ECL intensity of the Ru
(bpy)s>* /TPA system had no obvious decrease when HP was captured
on electrode surface, indicating that the ECL quenching of Ru(bpy)s>*
was mainly caused by Fc. The ECL quenching effect of Ru(bpy)s>*/TPA
by Fc has been well studied in previous study (Cao et al., 2006). After
Fc-HP hybridizing with released short DNAs (P1, P2, P3), the ECL de-
creased slightly (curve c). Interesting, after nicking endonuclease was
incubated on the P1/P2/P3/MCH/Fc-HP/Au sensing surface, the ECL
intensity recovered significantly (curve d). However, in another control
experiment (shown in Fig. S3, only Fc-HP was replaced with HP under
same experimental conditions), the ECL intensity changed slightly
(curve ¢ and d in Fig. S3) before and after nicking endonuclease in-
cubation. The results indicated that the change of ECL of Ru(bpy)s>*/
TPA mainly resulted from structure-switching of Fc-HP. With the in-
creasing of 8-OH-dG concentration, the ECL intensity would increase
due to more short DNAs were released and more Fc-HP were cleaved.
Therefore, 8-OH-dG can be detected quantitatively through the change
of ECL intensity of Ru(bpy)s>* /TPA.

3.2. Experimental optimization of the ECL aptasensor

In order to obtain the best performance for the detection of 8-OH-
dG, the experimental conditions such as the number of DNAs aligned on
a single aptamer, the concentration and incubation time of Fc-HP on
electrode, the reaction time of 8-OH-dG with aptamer, and the in-
cubation time of nicking endonuclease were investigated with 50 pM 8-
OH-dG. In general, one aptamer recognizes specific target to release a
single DNA. However, in this work, three kinds of short DNAs all partly
hybridized with one aptamer sequence were used to amplify the signal.

In order to prove the amplification effect of using three kinds of DNAs,
the ECL intensity with one and three kinds of DNAs in a single aptamer
strand were studied. As shown in Fig. S4, the ECL intensity using three
kinds of DNAs was much higher than that using one kinds, indicating
that multi-kinds of DNAs hybridization systems would result in more
DNAs being released and then more Fc-HP being cleaved, which was
beneficial for the recovery of ECL.

As shown in Fig. S5A, the ECL intensities of Ru(bpy)s>* decreased
with increasing the concentration of Fc-HP from 0.5 to 2.0 uM, in-
dicating more Fc-HP immobilized on the electrode. However, the ECL
intensities of Ru(bpy)s>* changed slightly when the concentrations of
Fc-HP were higher than 2.0 uM, indicating that the quantity of Fc-HP on
the electrode had reached saturate. Furthermore, the ECL intensities of
Ru(bpy)s?™ decreased firstly with increasing incubation time of Fc-HP
on the electrode from 1.5 to 2.5h and then did not change obviously
(Inset of Fig. S5A). So 2.0 uM Fc-HP and 2.5h incubation time were
chosen in the following experiments. In the present work, there was a
binding competition between 8-OH-dG and three kinds of short DNAs
with aptamer, so the reaction time of 8-OH-dG with aptamer was very
important. As shown in Fig. S5B, the ECL intensities increased gradually
from 20 to 60 min and afterward reached a stable value. This is because
more short DNAs could be released to hybridize with Fc-HP im-
mobilized on electrode with extending reaction time, resulting in more
Fc-HP being cleaved and ECL recovery. So 60 min was selected as the
optimum reaction time. Furthermore, the effect of the reaction time of
the nicking reaction on the ECL signal was investigated too. As shown in
Fig. S5C, the ECL signal increased with increasing reaction time and
reached a plateau after 1.5 h. Therefore, 1.5h was chosen as the opti-
mized time in the following study.

3.3. Calibration curves of the ECL aptasensor

Under optimized experiment conditions, the ECL aptasensor was
applied to detect 8-OH-dG with different concentrations. As shown in
Fig. 2A, ECL intensities of Ru(bpy)s>*/TPA system increased gradually
with increasing 8-OH-dG concentrations. The ECL peak intensities
showed a linear range with logarithm of 8-OH-dG concentrations from
100 fM to 10 nM. The linear equation was Ic, = 729.70 + 2271.80 1gc/
fM with a correlation coefficient of R= 0.9935. The estimated detection
limit (defined as DL=30/S, where o is the standard deviation of the
blank and S is the slope of the corresponding calibration curve) was
25 fM. Compared with reported methods for the detection of 8-OH-dG
(Table 1), this ECL aptasensor showed lower detection limit and wider
linear range.
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Fig. 2. (A) ECL responses of the aptasensor in the presence of different concentrations of 8-OH-dG (from a to g: 100 fM, 1 pM, 10 pM, 50 pM, 100 pM, 1 nM, 10 nM).
(B) Calibration plots of ECL peak intensity vs. the logarithm of the 8-OH-dG concentration (fM). Error bars show the standard deviations for three independent

experiments.

Table 1

Comparison of various methods for 8-OH-dG detection.
Method LOD Linear range Reference
Electrochemistry 31.3nM 0.5 uM-35 uM Sun et al. (2015)
Electrochemistry 18.8nM 0.0563 uM-16.4puM  Guo et al. (2016)
Electrochemistry 0.875nM  5.6nM—1155nM Jia et al. (2015)
HPLC —MS/MS 0.5nM Weimann et al.

(2002)

CE-ECD 2.6 nM 0.01-1.5uM Zhang et al. (2010)
ECL immunosensor 0.3nM 0.7-700 nM Zhang et al. (2015)
colorimetric aptasensor 141 pM 0.466 - 247 nM Liu et al. (2014)
CD spectra 33 pM 0.05 nM-2 nM Liu et al. (2016)
RLS spectra 27.3 pM 90.8 pM - 14.1 nM Guo et al. (2012)
Electroaptasensor 2.7 pM 10 pM - 100 yM Jia et al. (2018)
ECL aptasensor 38.8 aM 50 aM - 1fM Lv et al. (2018)
ECL aptasensor 25 fM 100 fM-10 nM Present work

3.4. Performance of the ECL biosensor

Some important performances, such as selectivity, stability, and
reproducibility of this proposed ECL aptasensor were investigated. As
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depicted in Fig. 3A, the influence of some inorganic and organic com-
pounds on the ECL intensity of the prepared aptasensor was in-
vestigated. When the developed aptasensor was treated with 100 nM
Zn?*, cu®*, Mg®*, Na*, uric acid, ascorbic acid, guanosine, guanine,
respectively, there were no remarkable enhancements in ECL signal,
which were nearly closed to the blank PBS solution. In contrast, the ECL
intensity obtained from 50 pM 8-OH-dG increased dramatically, in-
dicating the aptasensor displayed favorable selectivity in detecting 8-
OH-dG even in the complicated matrix with above interference re-
agents.

Furthermore, the stability and reproducibility of the aptasensor
were further testified. As seen in Fig. 3B, ECL intensities obtained from
blank and 50 pM 8-OH-dG under continuous potential scanning of
fourteen cycles showed a relatively stable signal. The relative standard
deviations (RSD) from blank and 50 pM 8-OH-dG were 1.28% and
1.78%, respectively. For the reproducibility, five of the proposed ap-
tasensors with 50 pM 8-OH-dG prepared in parallel were examined
under the same experimental conditions. And the RSD was 4.22%, in-
dicating an acceptable reproducibility for detection of 8-OH-dG. As a
consequence, the proposed biosensor exhibited excellent selectivity,
stability and reproducibility for 8-OH-dG assay.
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Fig. 3. (A) Specificity of the proposed aptasensor toward different interfering substances. Error bars show the standard deviations for three independent experiments.
(B) Stability of the aptasensor in the absence (black line) and presence of 50 pM 8-OH-dG (red line). (For interpretation of the references to color in this figure legend,
the reader is referred to the Web version of this article.)
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Fig. 4. ECL responses of the aptasensor for different urine samples.

3.5. Real sample analysis

In order to examine the availability of the proposed aptasensor, we
challenged our ECL sensor in urine samples for the detection of 8-OH-
dG. Two urine samples from cancer patient were collected from hospital
and other four urine samples including two non-smokers and two
smokers were obtained from healthy volunteers. The urine samples
were analyzed with the developed method after being diluted in 1:10
ratio with PBS buffer. Recovery test was carried out by adding a known
amount of 8-OH-dG to the urine samples. Fig. 4 shows the detection
results of 8-OH-dG in urine from different peoples. The ECL intensities
obtained from smoker urine samples are higher than those from non-
smokers, indicating that cigarette smoking would induce oxidative
damage to DNA and 8-OH-dG had a high expression level in smoker
urine. The results were in agreement with others in the literature (Yao
et al., 2004; Honda et al., 2000; Asami et al., 1997). Moreover, samples
from cancer patients were analyzed. It was observed that the urinal
level of 8-OHdG was significantly increased in cancer patients than that
in healthy peoples. Previous studies (Kuo et al., 2007; Yano et al., 2009;
Guo et al., 2017) found that the urine levels of 8-OH-dG were sig-
nificantly higher in patients with cancer compared with healthy peo-
ples, which supports our findings. The concentrations of 8-OH-dG in
urine and the recoveries were calculated and the results were listed in
Table S2. As shown in Table S2, the concentrations of 8-OH-dG in urine
of cancer patients were distinctly higher than those of the healthy
peoples. This study indicated that 8-OH-dG can be considered as a
promising biomarker for the early detection and diagnosis of some
diseases related to DNA oxidative damage and oxygen radical. Fur-
thermore, the concentrations of 8-OH-dG obtained with this ECL ap-
tasensor were consistent with those determined by ELISA method.
These results indicated that this fabricated ECL aptasensor can detect 8-
OH-dG in urine samples with high accuracy.

4. Conclusion

Inspired by the quenching effect of Fc on the ECL of Ru(bpy);2*/
TPA, we developed a signal-on ECL aptasensor for highly sensitive and
specific detection of 8-OH-dG. In order to promote the sensitivity of the
aptasensor, a dual signal amplification strategy was used in this study.
First, three kinds of short DNAs were aligned on the 8-OH-dG aptamers
modified on magnetic beads. In the presence of 8-OH-dG, the aptamer
would bind to 8-OH-dG, and one biological binding event would cause
the release of three kinds of DNAs simultaneously, resulting in the first
amplification. Second, the released DNAs were introduced into the
nicking endonuclease-assisted cyclic enzymatic amplification to cleave
more Fc-HP, resulting in the significant ECL recovery. Under dual signal
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amplification, this aptasensor can determine 8-OH-dG as low as 25 fM
with a linear range of 100 fM - 10 nM. More importantly, this ECL ap-
tasensor has been successfully applied in complex matrix of urine from
different peoples with the good accuracy and precision, which indicated
that this method has huge potential in clinical diagnosis and disease
prevention.
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