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ABSTRACT: This paper describes a bidirectional electrochemilumines-
cence (ECL) biosensor for the detection of microRNA-141 (miRNA-141)
with aM level detection limit and two-segment 8 orders of magnitude
linear range. Hemin/G-quadruplex DNAzyme was assembled on carbon
nitride nanosheets and Au nanoparticles modified electrode. The ECL of
carbon nitride nanosheets could be enhanced by the right amount of H,0,
(no more than 10 mM) and then inhibited by excessive H,O, when 0.1 M
K,S,05 acted as coreactant. In the presence of excessive H,0, (20 mM), a
recovery of ECL intensity was obtained due to the catalytic reduction of
H,0, caused by hemin/G-quadruplex DNAzyme at lower target
concentrations, and then an ECL decrease occurred mainly by biocatalytic
precipitation (BCP)-induced charge transfer resistance on the electrode
surface at higher target concentrations. Therefore, based on the change of

Target microRNA

the ECL intensity caused by the catalytic reduction of H,O, and BCP, a highly sensitive bidirectional miRNA sensor with
ultralow detection limit of 7.9 aM and wide linear range from 107"7 to 10~ M was obtained. This work could attract more
attention on the study of multiple mechanisms and also provides a more sensitive and precise method for the analysis of nucleic

acids.

ictoRNAs (MiRNAs), as a class of noncoding

molecules with 18—25 nucleotides, are closely asso-
ciated with a variety of human cancers.”” Latest studies shows
that miRNAs released from cancer cells could be present in
human plasma in stable form, named circulating miRNA:s,
which become new biomarkers in early tumor diagnosis.
However, as miRNAs show ultralow abundance (<1.0 pM) in
normal human serum and hugely fluctuate as the disease
progresses, it is highly desirable to develop ultrasensitive
sensing strategy with wide detection range. Up to now, more
and more methods were developed for the detection of
miRNAs,” such as differential pulse voltammetry (DPV),"*
surface plasmon resonance (SPR),’ fluorescence,’ and electro-
chemiluminescence (ECL).”

ECL is a process in which sequential electron-transfer
reactions on the surface of the electrode induce luminescence.”
As an electrochemical technique, ECL shows outstanding
features including high sensitivity, ease of operation, and
spatiotemporal controllability.” > In order to obtain better
performance, ECL was used in the applications combined with
other techniques."> For example, Aflatoxin B1 (AFBI) was
detected by the combination of ECL and square-wave
voltammetry (SMV), which resulted in accurate and sensitive
analytical performance for AFB1 with good linear range and
detection limit.'* In addition, the study of Zhang group took
advantage of the ECL and electrochemical impedance
spectroscopy (EIS) to explain the competition of catalytic
reaction and steric hindrance effect on the surface of the
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electrode in biosensing system, resulting in high sensitivity and
wide detection range for the detection of 8-hydroxy-2'-
deoxyguanosine.'

In this work, we reported a bidirectional ECL biosensor
based on the competition between catalytic reaction and steric
hindrance effect induced by biocatalytic precipitation (BCP)
for the analysis of microRNA-141. As shown in Scheme 1, a
composite of C;N, nanosheets and Au nanoparticles (C;N,—
AuNPs), which exhibited excellent catalytic, optical, and
electronic advantages, was applied as the luminophore for
ECL sensing.'® Target miRNA-141 triggered the start of an
improved catalytic hairpin assembly (CHA) process, following
by the assembly of hemin/G-quadruplex DNAzyme-microbe-
ads (MBs), which served as catalysts for both biocatalytic
precipitation (BCP) and electrochemical reduction of H,O,.
The ECL of C;N, was initially inhibited by excessive H,O,,
while catalytic decomposition of H,0, by the assembled
DNAzyme retrieved the ECL response. On the other hand, the
increased amount of DNAzyme-stimulated BCP layer inhibited
the electron transfer at the surface of the electrode, which
resulted in enhanced impedance and reduced ECL signal.
Based on the competition between catalytic effect and steric
hindrance effect, miRNA-141 could be quantified with a
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Scheme 1. Schematic Illustration of the Bidirectional ECL
Biosensor for miRNA-141
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detection limit of 7.9 aM (S/N = 3) and wide linear range of 8
orders of magnitude.

B EXPERIMENTAL SECTION

Reagents and Apparatus. Apparatus and reagents used in
this research are displayed in the Supporting Information.
DNA and miRNA sequences are shown in Table S1

Synthesis of C3;N;—AuNPs. The C;N, material was
purchased from Nanjing XFNANO Materials Tech Co., Ltd.
C;N,—AuNPs were synthesized according to related refer-
ences.”’~"” In general, 90 L of 0.01 M HAuCl, solution was
injected into C;N, suspension (0.1 mg/mL) under stirring.
The mixed solution was ultrasonicated for 10 min, followed by
stirring for 2 h at normal temperature. These two steps were
repeated for another two times again. Afterward, 225 uL of
0.01 M fresh NaBH, solution was added quickly to the mixture
in an ice bath, followed by stirring for 20 min. Next, 90 uL of
0.01 M sodium citrate solution was added dropwise to the
reaction mixture and then kept stirring for 0.5 h at normal
temperature. The final nanohybrid material was centrifuged at
8000 rpm for S min, and the precipitate was washed by
ultrapure water after removing the supernatant. Centrifugation
and washing procedures were repeated in sequence three times
in order to get rid of redundant Au NPs, unreacted NaBH,,
and sodium citrate. In the end, the precipitate was redispersed
in 8 mL of ultrapure water and stored at 4 °C for further use.

Preparation of Modified Magnetic Beads. In order to
obtain the activated magnetic beads, 10 mM EDC and 20 mM
NHS were used to react with carboxyl-modified magnetic bead
suspension (S mg/mL) at 37 °C for 1 h. Afterward, capture
DNA and G-quadruplex were added into the activated
magnetic beads suspension and reacted for 12 h to obtain
the DNA magnetic beads. Two weight percent BSA was used
to block the nonspecific active binding sites of the DNA
magnetic beads after being washed with PBS buffer. Thus, the
solution of bioconjugates was dispersed into 0.2 mM hemin,
which was dissolved in a buffer solution containing 1% DMSO,
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Figure 1. (A) TEM image of C;N,—AuNPs. Voltage: 100 kV. Magnification: 80k. (B) XRD patterns of (a) C;N, and (b) C;N,—AuNPs. (C) and
(D) ECL responses of C;N,—AuNPs with H,O, of different concentrations in 0.01 M PBS (pH 7.4) containing 0.1 M K,S,0s.
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0.05% Triton X-100, 25 mM HEPES, 20 mM KCl, and 200
mM NaCl and then incubated for 1 h to form DNAzyme-MBs.

Fabrication of the ECL Biosensor. The assembly of ECL
biosensor is displayed in Scheme 1. As a substrate for
immobilizing C;N,—AuNPs, the glassy carbon electrode
(GCE) was polished with alumina slurry and ultrasonicated
in the ultrapure water and ethanol in sequence. First, 10 uL of
C;N,—AuNPs solution was dropped onto the surface of GCE
and dried in air to obtain C;N,—AuNPs film modified GCE.
Then the GCE/C;N,—AuNPs was incubated with 100 uL of
the solution of Hairpin DNA 1 (H1) (1.0 X 107° M) overnight
at 4 °C, which was processed by 10 mM TCEP to cut off the
S—S bond before use. Subsequently, the acquired electrode
was blocked by MCH (100 M) for 1 h at room temperature.
Then, the gaining electrode was incubated with 100 uL of
miRNA-141 with different concentrations at 37 °C for 2 h.
After being washed with PBS buffer, the resulting electrode was
incubated with 100 yL of 1.0 X 10~ M Hairpin DNA 2 (H2)
at 37 °C for 2 h to replace miRNA-141. Finally, the modified
electrode was immersed into the solution of DNAzyme-MBs
mentioned above for further hybridization. 4-CN was dissolved
in ethanol and then diluted with 0.1 M PBS buffer, and the
final solution was composed of 1.0 X 107> M 4-CN and 2% (v/
v) ethanol. Then the DNAzyme-MBs-modified GCE was
immersed in the BCP solution composed of 1.0 X 107 M 4-
CN and 1.0 X 107° M H,0, for 30 min and rinsed with PBS
for ECL measurement. The successful assembly of each step
for the sensing system was characterized by EIS (Figure S1).
ECL measurement was conducted by immersing the electrodes
in 0.01 M PBS (pH 7.4) containing 0.1 M K,S,0; and 20 mM
H,0, and scanned from 0 to —1.5 V. EIS detection was
accomplished with the electrodes in the solution containing 0.1
M KCl, § mM K;[Fe(CN)¢], and K,[Fe(CN)g].

B RESULT AND DISCUSSION

Characterization of C3;N,—AuNPs. Au NPs were
introduced onto the C;N, in order to enhance the conductivity
of C;N, and provide bonding sites for thiol-modified HI.
Figure 1A shows the TEM image of the hybridized C;N,—
AuNPs. A large amount of Au NPs were distributed on the
surface of C;N,. Figure 1B shows the XRD patterns of C;N,
and C;N,—AuNPs. The characteristic diffraction peak of C;N,
is observed at 27.8°, which can be assigned to the (002)
graphitic interlayer structure. After the deposition of AuNDPs,
the typical diffraction peaks of Au at 38.4° (111) and 44.6°
(200) can be unambiguously labeled in the XRD pattern of
C;N,—AuNPs, indicating the successful attachment of AuNPs
on the C;N,.">?° Besides the TEM image of C;N,, UV—vis
absorption spectra of C;N, and C;N,—AuNPs are displayed in
Figure S2. Figure S3 demonstrates great ECL stability for
C,N,—AuNPs.

The previous study of our group indicated that the ECL
intensity of semiconductor TiO, nanotubes (NTs) and CdS
nanocrystal film would enhance initially and then decrease with
the increasing concentration of H,0, when K,S,0; served as
coreactant.”’ The reason for this phenomenon was considered
to be that a small quantity of OH® would promote the
formation of SO,*” and excessive OH® would scavenge the
SO,*". In this work, the ECL intensity of C;N,—AuNPs
showed a similar trend. As illustrated in Figure 1C and Figure
1D, the ECL signal enhanced initially while the concentration
of H,0, increased from 0 to 10 mM. Then, the ECL signal
weakened with the content of H,O, increasing from 10 to 20

mM. Otherwise, cyclic voltammetry (CV) and the correspond-
ing ECL characterizations were utilized to further explore the
ECL process between H,0, and K,S,0;. As stated in Figure
S4, the reduction current caused by the reduction of H,O, to
OH?* was much smaller than that induced by the reduction of
$,04*” to SO,"". Accordingly, compared with the ECL caused
by K,S,05 (5684 au), the ECL intensity caused by H,O, (286
au) was very small. However, when combined 10 mM H,0,
and 0.1 M K,S,0; together as dual coreactants, the ECL
intensity (16832 au) was much stronger than the sum of the
ECL signals when 10 mM H,0, and 0.1 M K,S,0; acted as an
individual coreactant, respectively. The results illustrated that
SO,*” had a stronger oxidizing capacity for the formation of
C;N," compared with that of OH®. Therefore, the enhanced
ECL intensity of the C;N,—AuNPs electrode with dual
coreactants also arises from the increase of SO,*” by H,0,
on the electrode surface, which has been confirmed on
semiconductor TiO, nanotubes (NTs) electrode with electron
paramagnetic resonance (EPR) technique.”’ Therefore, the
possible reactions among C;N,, H,0,, and $,04>~ on GCE are
listed as follows:*"**

(i) electrochemical reduction

S,0;” + e — SO} + SO}~ (1)

H,0, + ¢~ - OH™ + OH" @)
(i) synergistic effect

SO;” + H,0 — HSO, + OH* 3)

or

OH® + S,0;” — HSO, + SO, + 1/20, (4)
(iii) ECL emission

SO} — SO, + k' (6)

CN, + b —» C,N7} (7)

CN} + e — CN; (8)

C,NY — N, + hy )

(iv) excessive H,0,
OH® + SO~ — HSO; + 1/20, (10)

As discussed above, the ECL enhancement of the C;N, by
dual coreactants attributed to the principal effect of K,S,0y,
the intermediate (SO,*”) of which generated the excited states
of C3N,. SO,°~ was obtained by electrochemical reduction and
decomposition of $,04”" induced by OH®. As the content of
OH"® increased, OH® was converted from promoting the
formation of SO,*” to scavenge the SO,*”. Therefore, with the
increase of H,0,, the ECL intensity was enhanced initially and
then reduced.

The Bidirectional ECL Sensing Principle. In this study,
the biosensor was fabricated by assembling DNAzyme-MBs on
C;N,—AuNPs modified GCE. Then the electrode was
immersed into the BCP solution, hemin/G-quadruplex would
convert 4-CN into benzo-4-chlorohexadienone in the presence
of H,0,, and then the precipitate would adhere to the surface
of the electrode for further ECL measurement. Therefore, the
assembly of hemin/G-quadruplex was considered to be dual
functional. One side, the ECL of C;N,—AuNP:s is inhibited by
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excessive H,0, (Figure 1). The hemin/G-quadruplex, the
same as the horseradish peroxidase, can promote the catalytic

reduction of H,0, by the two following steps (eqs 1 and
2).23,24

hemin/G-quadruplex (Fe'") + e
— hemin/G-quadruplex (Fe") (11)

hemin/G-quadruplex (Fe'') + 1/2H,0,
— hemin/G-quadruplex (Fe") + OH™ (12)

Therefore, the repression of the ECL of C;N,—AuNPs
would be reduced as the H,0, was consumed catalytically. On
the other side, DNAzyme-MBs and benzo-4-chlorohexadie-
none, the product involved by enzyme-stimulated BCP, both
would block the S,04>" diffused to the C3N,. The influence of
these two opposite effects on the ECL signal varied with the
concentrations of miRNA-141.

In order to prove the assumption, a lower concentration
(107'* M) of miRNA-141 was used in the biosensing system.
As displayed in Figure 2A, the ECL intensity was much higher

—0M (A) 100004 —— 1072 M (B)
5 100001 4514 gy ‘/w‘ 5
] ©
3 8000 / >
2 \ 2
& 6000 H
= / £
o 4000 o
o o
w2000 \ o
\
)\
0
o 5 10 15 20 25 30 o 5 10 15 20 25 30
Time/s Timels
300 , gy () w00y 02 D)
00| o 10M 0007, 00w
6000
2500
c Rs s 5000
= 2000 R &
N ct Ry 4000
Y 1500 W >
3000 e,
ey, rel R
1000 == A 20001 "
500 4 1000
T T ™ T T ™ T 0 T T N T
500 1000 1500 2000 2500 3000 3500 1000 2000 3000 4000 5000 6000 7000 8000
ZQ zZQ
(E)
HO,
“ -~ 0
4%y
~ ~ =
v / ” \ /
£\ 2
Z 2z Z
C3N4
€
*
CBN A
No target Low concentration target High concentration target

Figure 2. (A, B) ECL responses for reduction of H,0, (20 mM) and
(C, D) Nyquist plots (points) and simulations (lines) for the ECL
biosensor without or with a low concentration (107** M) (A, C) and
high concentrations (10™'? and 107 M) (B, D) of miRNA-141. (E)
Proposed reactions occurring at the ECL biosensor at (left) no,
(middle) low, and (right) high concentrations of miRNA-141.

than that without miRNA-141, indicating that the effect of
electrocatalytic reduction of H,0, by the hemin/G-quadruplex
is predominant. Hence, an obvious recovery of ECL intensity
of C;N,—AuNPs was obtained. When the concentration of
miRNA-141 increased from 1.0 pM to 10 nM, an evident
suppression of the ECL intensity of C;N,—AuNPs was
observed (Figure 2B), indicating a large amount of
DNAzyme-MBs and precipitation were formed, leading to
evident steric hindrance. This phenomenon could also be

proved by EIS data (Figure 2C, 2D). The equivalent circuit
observed in Figure 2C was used to fit the EIS data, which
includes the solution resistance (Rs), charge transfer resistance
(Ret), constant phase element (Q), and Warburg impedance
(W). At a lower target concentration, a slight change of the Ret
was observed (Figure 2C). The Ret increased from 2156 to
2608 Q with the increase of the concentration of miRNA-141
from 0 to 10 fM. However, Ret increased remarkably from
4094 to 6877 € when the concentration of miRNA-141
increased from 1.0 pM to 10 nM (Figure 2D). To sum up, at a
lower concentration of miRNA-141, very few DNAzyme-MBs
were assembled on C;N,—AuNPs, and the Ret of DNAzyme-
MBs and precipitation stimulated by DNAzyme-MBs were
small (Figure 2E, middle). On the contrary, large amounts of
DNAzyme-MBs and precipitation were formed, leading to
evident steric hindrance (Figure 2E, right).

Analytical Performance. Based on the above results, the
effective competitive ECL system was applied for sensitive and
accurate detection of miRNA-141. As shown in Figure 3A, with
the concentration of miRNA-141(in the range of 107'7—107"
M) increase, the ECL intensity of C;N,—AuNPs increased
gradually. The ECL decreased gradually when the concen-
tration of miRNA-141 further increased from 107" to 10™° M.
Figure 3B shows the relationship between the logarithm of
target miRNA-141 concentration and the ECL intensity. At
lower concentrations of miRNA-141 ranging from 1077 to
107" M, the ECL intensity exhibited a favorable positive linear
correlation and the correlation coeflicient approached 0.995.
At higher concentrations of miRNA-141 ranging from 107" to
107 M, the ECL intensity showed a good negative linear
relationship with a correlation coefficient of 0.996. The limit of
detection (LOD) was calculated to be 7.9 aM (S/N = 3),
which is much lower than that of the previously reported
sensing systems (Table S2). By contrast, we checked the
performance of the ECL biosensor without BCP, and the
sensor did not show bidirectional sensing property. The ECL
intensity displayed a good positive linear relationship with the
logarithm of target miRNA-141 concentration changing from
107" to 107'2 M, and then the enhancement of the ECL
intensity alleviated while the concentration continued to
increase (Figure 3B, hollow circle). This phenomenon
illustrated that BCP is the main factor contributing to the
steric hindrance effect at higher target concentrations. It also
proved by the results of EIS (Figure 3C, 3D). Ret change
showed linearity with the logarithm of the miRNA-
141concentration between 10 fM and 1.0 nM, and the
correlation coefficient reached 0.970 (Figure 3D). In
comparison, the Ret exhibited slight change without BCP.

In this bidirectional ECL biosensor, the selectivity was
investigated by the comparison of different miRNAs, including
single-base mismatched sequence, miRNA-15, miRNA-16, and
miRNA-21. Blank was introduced as a reference. As shown in
Figure 4, the ECL signal showed a maximum intensity for
miRNA-141 (a) compared with others at the concentration of
107" M (Figure 4A) and 107" M (Figure 4B), respectively.
The ECL intensity for single-base mismatched sequence (b)
was slightly stronger compared with others but still much
lower than that for miRNA-141 (a). In addition, miRNA-15
(c), miRNA-16 (d), and miRNA-21 (e) represented almost the
same ECL intensity as blank (f) in both target concentrations.
The results suggested a great selectivity of the proposed ECL
biosensor.
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Figure 3. (A) ECL profiles of the ECL biosensor for miRNA-141 with concentrations ranging from 1077 to 107 M. (B) Calibration curves for
miRNA-141 detection by the bidirectional ECL biosensor (solid circle) and the ECL biosensor without BCP (hollow circle). (C) Nyquist plots
(points) of the biosensor for miRNA-141 with concentrations ranging from 1077 to 10~ M and simulation (lines). (D) Calibration curves for
miRNA-141 detection based on EIS data by the biosensor with (solid circle) and without BCP (hollow circle). Error bars represented the standard
deviations for each set of three parallel experiments.
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Real Sample Analysis. The practical application of the Table 1. Recovery Tests for miRNA-141 in Spiked Fetal

bidirectional ECL biosensor was investigated by determining Calf Serum Samples (n = 3)

the concentration of miRNA-141 added to real samples. In samples added found RSD (%) recovery (%)
consideration that we did not have human serum samples with 1 10.0 tM 10.6 tM 4.3 106
. - 2 100 fM 97 fM 38 97
true values of miRNA-141, we adopted standard addition of 3 1,00 pM 1.03 pM 35 103
miRNA-141 in normal fetal calf serum for practical application. 4 10.0 pM 9.3 pM 1.8 93
S 100 pM 107 pM 2.0 107

MiRNA-141 solution was injected into 10% diluted normal
fetal calf serum. As displayed in Table 1, the results showed

great recoveries from 93% to 107% and RSDs from 1.8% to B CONCLUSION

4.3%, which indicated that the proposed biosensor possesses In summary, we developed a bidirectional ECL biosensor for
excellent potential in clinical detection of miRNA-141. miRNA-141 based on the competition between catalysis and
12004 DOI: 10.1021/acs.analchem.9b02914
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steric hindrance. It showed an ultralow detection limit of 7.9
aM and a two-segment linear range with 8 orders of
magnitude. Due to the two competitive mechanisms, the
detection performance showed evident superiority compared
with those of single-mechanism ECL sensors. This biosensing
system would provide an important reference for the detection
of biomolecules with high sensitivity and wide detection range.
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