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� The mechanism of the ECL quenching
of Ru(bpy)3

2þ by methylene blue was
discussed.
� Ru(bpy)32þ labeled DNA hairpin probe
was assembled through click
chemistry.
� A binding constant of miRNA with
DNA was estimated based Langmuir
isotherm model.
� This miRNA biosensor manifests high
sensitivity, specificity and
reproducibility.
� Efficient determination of miRNA
extracted from the A549 cell lines
was conducted.
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A high performance miRNA biosensor based on effective click chemistry assembly of a Ru(bpy)32þ labeled
DNA probe and efficient electrochemiluminescence (ECL) quenching of the Ru(bpy)32þ/BDEA (BDEA ¼ N-
butyldiethanolamine) system by surface-confined electroactive methylene blue (MB) dye is reported.
When the target miRNAwas present, the ECL signal instantly changed from “light off” to “light on” status.
Using the specific miRNA let-7d as the target analyte, this biosensor provided sensitive detection over
approximately six orders of magnitude (10 fM-10 nM), with a limit of detection of 10 fM (S/N¼ 3).
Detailed study of the ECL quenching behavior of the Ru(bpy)32þ/BDEA system by MB in solution suggested
that the ECL quenching involves a combination of photoluminescence dynamic quenching and
quenching processes directly associated with the redox reactions, as well as resonance energy transfer. A
large binding constant of 4.7� 1011M�1 between let-7d and the DNA hairpin was estimated using an
ECL-based extended Langmuir isotherm model, suggesting remarkably strong binding of the target to the
probe. Furthermore, our biosensor exhibited excellent specificity and reproducibility. Using the devel-
oped system, the concentration of the target miRNA extracted from the A549 cell line could be obtained,
demonstrating the potential application of the developed biosensor to practical biological sample
analysis.
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1. Introduction

Mature microRNAs (miRNAs) are a class of evolutionally
conserved, single-stranded, and small (19e23 nucleotides) non-
protein-coding RNAs [1,2] that play a crucial role in gene expres-
sion for most eukaryotic organisms [3,4]. Recent studies have
demonstrated that the abnormal expression of miRNAs is relevant
to the origin and development of human diseases, genetic disor-
ders, and altered immune system function [5e7]. Therefore, sen-
sitive detection and quantification of miRNAs could provide major
advantages for the early clinical diagnosis and treatment of certain
types of diseases, especially cancers. A number of biosensor-based
methods for the detection of miRNA use signal detection ap-
proaches including photoluminescence [8], field-effect transistors
[9], or electrochemistry [10]. This is because miRNA biosensors are
often considered to be easily constructed, cost-effective, portable,
and highly sensitive [11e13]. To develop sensitive and accurate
biosensors, the target recognition element (e.g., a DNA probe)
should be attached to the substrate in such a way that the target
(e.g., a complementary miRNA) can effectively hybridize with the
probe and remain on the substrate over a number of detection
cycles. For example, mercapto-DNA sequences have been
frequently self-assembled on the surface of gold electrodes via
AueS bonds [14e16] for analysis of DNA or RNA targets; however,
this type of assembly is often negatively affected by the uncon-
trollability of the monolayer composition, including the amount of
DNA on the monolayer and its dispersibility [17,18], as well as by
damage to the AueS binding upon electrochemical oxidation,
which could lead to detachment of the biosensing layer from the
electrode [19]. Another key factor that profoundly affects the limit
of detection is the sensing or detection technique used. Among the
commonly used detection approaches, electrogenerated chem-
iluminescence (ECL) has proven to be one of the most sensitive and
reproducible detection techniques compared to techniques such as
enzyme-linked immunosorbent assay (ELISA), photoluminescence,
chemiluminescence, and electrochemistry due to its unique
mechanistic principles and inherent properties, which include
specific light generation pathways, lack of background signals, and
the possibility of manipulating the reaction [20e23]. Consequently,
ECL-based biosensors have attracted great attention in the field of
Scheme 1. Schematic diagram of constructing miRNA bi
miRNA sensing [24e29]. Two general modes have been employed
to correlate the concentration of the target with the resulting
change in the ECL signal. The first mode can be regarded as the “ECL
enhancement mode”, in which the ECL signal increases propor-
tionally with the analyte concentration, while the second mode or
“ECL quenching mode” often involves a decrease in the ECL in-
tensity of a known ECL system (e.g., Ru(bpy)32þ/TPrA) after the
addition of an ECL quencher (e.g., ferrocene) [30e33]. When the
analyte itself acts as the quencher, the ECL intensity of the test
system decreases with increasing concentration of the analyte [34].
To obtain high sensitivity, several measures can be taken. For
example, the ECL intensity can be enhanced by (a) using an ECL
probe that contains both an ECL emitter and co-reactant groups in
the same molecule to shorten the electronic transmission distance
and improve the luminous stability [35], (b) adding an additional
chemical to the detection system to promote ECL generation [36],
or (c) in situ catalysis of the ECL with a high concentration of a self-
generated co-reactant [29]. However, for the ECL quenching mode,
the use of a highly efficient ECL quencher is an essential prerequi-
site to obtain an ultrasensitive biosensor.

Herein, we report the fabrication and application of an ECL
quenching-based biosensor for the sensitive detection and quan-
tification of miRNA let-7d extracted from human lung adenocar-
cinoma cell (A549) lysate. Two novel strategies, namely, (a) the use
of click chemistry for the effective attachment of the DNA probe to
the electrode and (b) the use of the electro-reactive dye methylene
blue (MB) [37,38] as a highly efficient ECL quencher for the
Ru(bpy)32þ/BDEA (BDEA ¼ N-butyldiethanolamine) system, are
employed. Scheme 1 depicts the preparation of the biosensor and
its detection principle. Briefly, a layer of graphene oxide is elec-
trochemically reduced and deposited on a glassy carbon electrode
(GCE/ERGO), and a mixture of 1-pyrenebutyric acid N-hydrox-
ysuccinimide (PASE) and MB is cast onto the layer. This is followed
by the covalent attachment of 3-azido-1-propylamine (3-Azido-1-
PrA) to the PASE linker to functionalize the electrode with azide
groups. The ERGO provides (a) a relatively large active surface area
for the attachment of PASE, which subsequently is bound with the
amino-terminated capture probe, via pep stacking, and (b) an
excellent conductive interface for the redox reactions of the ECL co-
reactant, as explained in our recent publication [39]. Using click
osensor and its detection based on ECL quenching.



Fig. 1. (A) Effect of MB concentration on ECL intensity of the Ru(bpy)32þ/BDEA system at
a bare GCE with a scan rate of 100mV/s (a) 10 mM Ru(bpy)32þ-10 mM BDEA-0.10 M PBS
(pH 7.4), (b) a þ10 mM MB, (c) a þ20 mM MB, and (d) a þ30 mM MB. Inset: (a) Rela-
tionship of the ECL peak intensity with the MB concentration, and (b) Stern-Volmer
plot of ECL quenching in which I0 and I were the ECL peak intensity in the absence
and presence of MB quencher, respectively. (B) UVevis absorption spectra of (a)
10 mMMB, (b) 10 mM Ru(bpy)32þ þ 10 mM BDEA, (c) mixture of (a) and (b), and (d) sum
of curve a and b. A quartz cuvette with 1.0 cm light pathlength was used.
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chemistry, the Ru(bpy)32þ labeled alkynyl DNA hairpin probe
(Alkynyl-DNA-Ru) is effectively assembled onto the electrode sur-
face. In the presence of the anodic ECL co-reactant BDEA, the above
electrode shows very weak ECL emission due to efficient ECL
quenching by the surface-confined MB (“light off”). Upon the hy-
bridization of the hairpin with the target miRNA, however, the
Ru(bpy)32þ emitter is separated from the MB, resulting in significant
production of ECL (“light on”). Clearly, with the addition of the
target analyte, the ECL signal in the present system switches from
“light off” to “light on” status, which is opposite to that of the ECL
quenching mode discussed previously (i.e., “light-on” to “light off”).

2. Experimental section

2.1. Synthesis of the ECL hairpin probe

The ECL hairpin probe, Ru(bpy)2(dcbpy)NHS-DNA (Ru-DNA)was
synthesized as previously reported in the literature [40] with some
modifications. Briefly, 200 mL of 1.0mM Ru(bpy)2(dcbpy)NHS in
DMF was added to 50 mL of a 50 mM solution of the probe DNA. The
mixture was incubated overnight with gentle shaking at RT. 100 mL
NaAc (3.0M) and 1.5mL cold ethanol were then added successively,
and the resultant solution was kept at �20 �C for 24 h to allow
precipitation to occur. The solution was then centrifuged at
12,000 rpm for 30min, and the upper yellow solution was dec-
anted. The remaining precipitate was washed three times with
1.5mL cold ethanol to rinse off any unbound Ru(bpy)2(dcbpy)NHS.
Finally, the obtained Ru-DNA precipitate was re-dissolved in 50 mL
of a 5.0mM phosphate buffer solution (PBS, pH 7.4) and stored
at �20 �C prior to use.

To form the hairpin configuration, the Ru-DNA solution was
warmed to and maintained at 95 �C for 5min, and then allowed to
cool to room temperature naturally over a period of 1 h.

2.2. Fabrication of the biosensor

Solutions of PASE (5.0mM) and MB (5.0mM) in DMF were
combined in a concentration ratio of 1:3 and mixed vigorously;
10 mL of the resulting mixture was cast onto the GCE/ERGO elec-
trode. After air-drying for 1 h, the electrode was carefully washed
with 5.0mMPBS (pH 7.4) and driedwith N2. The obtained electrode
was designated as GCE/ERGO/(PASE þMB). 10 mL of 2 mM 3-azido-
1-propanamine (or 3-Azido-1-PrA) was cast on the electrode to
form the azido functionalized GCE/ERGO/(PASE þ MB)/3-Azido-1-
PrA electrode. After being air-dried for 2 h and thoroughly rinsed
with 5.0 mM PBS (pH 7.4), the electrode was treated with 10 mL of
the click chemistry solution [41,42], which consisted of CuSO4
(1.0 mM), TBTA (1.1 mM), and sodium L-ascorbate (2.0 mM) pre-
dissolved in a H2O/MeOH/THF (volume mixing ratio, 2:2:1) and
Ru-DNA (20 mM in 5.0 mM PBS, pH 7.4), and kept at room tem-
perature overnight. Through this incubation process, Ru-DNA was
assembled onto the azido-functionalized electrode surface via a
click chemistry reaction. Unbound Ru-DNA species and other re-
sidual reagents were thoroughly removed by washing with 5.0 mM
PBS (pH 7.4) to yield the fabricated miRNA biosensor, which is
referred to as GCE/ERGO/(PASE þ MB)/3-Azido-1-PrA/Ru-DNA in
later discussion.

2.3. ECL measurements

Prior to the ECL detection, the assembled GCE/ERGO/
(PASEþMB)/3-Azido-1-PrA/Ru-DNA biosensor was incubated with
different concentrations of the target miRNA or a sample solution
(100 mL, prepared using 0.1% (v/v) diethyl pyrocarbonate (DEPC)-
treated water to inactivate possible RNase enzymes) and kept at
room temperature for 30min. After being thoroughly washed using
5.0 mM PBS (pH 7.4), the above electrode was transferred into an
electrochemical cell containing 5 mL of 10 mM BDEA-0.10 M PBS
(pH 7.4), and the ECL signals weremeasured using ECL detection via
cyclic voltammetry; the electrode potential was scanned between
0.40 and 1.40 V vs Ag/AgCl at a scan rate of 0.1 V/s. For all ECL
measurements, the bias voltage of the photomultiplier tube was set
to 800 V.
3. Results and discussion

3.1. ECL quenching of the Ru(bpy)3
2þ/BDEA system by MB

First, the solution-phase quenching of the ECL of the Ru(bpy)32þ/
BDEA system by MB was studied to determine the ECL quenching
behavior of the surface-confined miRNA biosensor. As shown in
Fig. 1A, upon the addition of MB to the Ru(bpy)32þ/BDEA solution,
the initial ECL response of the anodic co-reactant (curve a)
decreased with increasing MB concentration (curves b-d and Inset



Fig. 2. Spectra overlap between the photoluminescence spectrum of Ru(bpy)32þ and
the absorption spectrum of MB.
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a). The Stern-Volmer plot shown in Inset b displays an upward
curvature, suggesting that the ECL quenching does not follow a
simple dynamic (collisional) or static quenching process [43].
Fig. 1B shows the UVeVis absorption spectra of (a) 10 mMMB, (b)
10 mM Ru(bpy)32þ-10 mM BDEA, (c) the mixture of (a) þ (b), and (d)
the sum of curve (a) and curve (b). The complete overlap of curve c
with curve d indicates that no chemical reaction occurredwhenMB
was mixed with the Ru(bpy)32þ/BDEA system. Therefore, mixing of
the chemical reagents did not affect the ECL quenching. Photo-
luminescence quenching experiments involving Ru(bpy)32þ and
four anthraquinone and seven azo organic dyes revealed that no
static quenching could be observed [44]. Considering the similarity
of the chemical structure of MB with those of some anthraquinone
dyes, such as alizarin and alizarin red S, the formation of a stable
complex between excited state Ru(bpy)32þ* and MB, which would
be prerequisite for static quenching, is unlikely. As a result, the ECL
quenching presented in this section must involve a combination of
fluorescence (FL) dynamic quenching and quenching processes
directly associated with the redox reactions during the ECL gener-
ation. Because the ECL-potential profile of the Ru(bpy)32þ/BDEA
system, which includes a pre-ECL wave at around 0.85 V vs Ag/AgCl
(Fig. 1A), is nearly identical to that of the classic anodic co-reactant
Ru(bpy)32þ/TPrA (TPrA¼ tri-n-propylamine) system [45], the same
ECL mechanism should be applicable in both cases [14,46]. Due to
the insignificant contribution of the pre-wave ECL to the overall ECL
quenching, the following discussion will focus on the quenching
behavior related to the main ECL wave at ~1.1 V vs Ag/AgCl. The ECL
is generated via the following pathways:

BDEA ������!0:85 V

�e BDEA�þ !�H
þ
BDEA� (1)

RuðbpyÞ2þ3 ������!1:15 V

�e RuðbpyÞ3þ3 (2)

RuðbpyÞ2þ3 þBDEA�/RuðbpyÞþ3 þ product (3)

RuðbpyÞ3þ3 þBDEA�/RuðbpyÞ2þ3 * þ product (4)

RuðbpyÞ3þ3 þRuðbpyÞþ3 /RuðbpyÞ2þ3 * (5)

RuðbpyÞ2þ3 * /RuðbpyÞ2þ3 þhv ð � 620 nm
�

(6)

where the reversible potential for the Ru(bpy)32þ/Ru(bpy)3þ redox
couple is about �1.5 V vs Ag/AgCl [34], and the irreversible reduc-
tion potential for the BDEA� free radical is estimated to be similar to
that of the TPrA� free radical, i.e., �1.7 V vs Ag/AgCl [47].

Upon the addition of MB to the Ru(bpy)32þ/BDEA system, the
electrogenerated Ru(bpy)32þ* excited state species collided with the
MB molecules, resulting in partial ECL quenching (Eq. (7)). This is
consistent with the fact that the FL spectrum of Ru(bpy)32þ is
effectively overlapped with the absorption spectrum of MB (Fig. 2).
Note that the ECL spectrum of Ru(bpy)32þ is well known to be
essentially the same as its FL spectrum [20].

RuðbpyÞ2þ3 * �������! �������collision MB / RuðbpyÞ2þ3 (7)

On the other hand, MB is known to be reversibly reduced to
leucomethylene blue (LCMB) through a two-electron transfer pro-
cess (Eq. 8) with a pH dependent redox potential [48]; this potential
is ~ -0.30 V vs Ag/AgCl in neutral media [49e53].
As a result, the strongly reducing species BDEA� and Ru(bpy)3þ,
which are produced via Eq. (1) and Eq. (3), respectively, are
consumed by the added MB through the following chemical
reactions:

BDEA� þ MB/LCMB þ product (9)

RuðbpyÞþ3 þ MB/RuðbpyÞ2þ3 þ LCMB (10)

Furthermore, the newly formed LCMB can be re-oxidized to MB
by electrogenerated Ru(bpy)33þ (Eq. (2)):

LCMB þ RuðbpyÞ3þ3 /MB þ RuðbpyÞ2þ3 (11)

TheMB produced in this reaction can be recycled back to Eqs. (9)
and (10), leading to an electrocatalytic-type reaction that causes
remarkable depletion of the species that are critical to ECL gener-
ation (i.e., BDEA�, Ru(bpy)3þ, and Ru(bpy)33þ) at the electrode sur-
face. Consequently, ECL is efficiently quenched via the above-
mentioned electron-transfer processes. Interestingly, instead of
an upward-curving plot like that observed in the present system
(Inset b of Fig. 1A), a linear Stern-Volmer plot was reported for the
Ru(bpy)32þ/TPrA-TNT system [34]. This suggests that the revers-
ibility of the reduction of the quencher by the free radical of the co-
reactant (i.e., BDEA� or TPrA�) and Ru(bpy)3þ could play a key role in
promoting ECL quenching associated with electron-transfer pro-
cesses, given that TNT can only be irreversibly reduced. In other
words, the reversible reduction is favorable for ECL quenching.

For the surface-bound Ru-DNA/BDEA-MB system, the ECL
quenching should also include resonance energy transfer (RET)
between the excited state ECL emitter and the surface-confined MB
when the Ru(bpy)2(dcbpy) moiety is in close proximity to the
electrode surface.

3.2. Electrochemical characterization and optimization of the
biosensor

Fig. S2A shows the cyclic voltammograms obtained from (a)



Fig. 3. (A) ECL responses of the proposed miRNA biosensor to different concentrations
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bare GCE, (b) GCE/ERGO, (c) GCE/ERGO/(PASE þ MB)/3-Azido-1-
PrA/Ru-DNA, and (d) GCE/ERGO/(PASE þ MB)/3-Azido-1-PrA/Ru-
DNA/miRNA in an electrolyte solution of 5.0 mM K3[Fe(CN)6] -
5.0mM K4[Fe(CN)6] in 0.10M KCl. A slight increase in the peak
current is seen after the reduced graphene oxide was electro-
deposited on the GCE (curve a vs curve b), indicating the increased
conductivity due to ERGO [54]. A significant decline in peak current
accompanied by a small increase in the separation of the peak
potentials is observed (curve c) when Ru-DNA was immobilized
onto the azido-functionalized surface of GCE/ERGO/(PASEþMB)/3-
Azido-1-PrA via the click chemistry reaction. This was attributed to
the repulsive interaction between the negatively charged phos-
phate backbone of Ru-DNA and the [Fe(CN)6]3-/4- redox couple in
the electrolyte, as well as the probable increase in the surface
electric resistance or decrease in the heterogeneous electron-
transfer rate. After hybridization with miRNA, the obtained GCE/
ERGO/(PASE þ MB)/3-Azido-1-PrA/Ru-DNA/miRNA electrode dis-
played a further decrease in its CV response (curve d) and a slightly
larger peak potential separation as compared to those of the elec-
trode in curve c. This was due to the formation of the double-
stranded DNA-miRNA duplex, and resulted in a further increase
in the negative charge density on the electrode surface.

The above stepwise functionalization of the electrode could also
bemonitored using electrochemical-impedance spectroscopy (EIS),
as we demonstrated in a recent publication [39]. Consistent with
the changes in the CV responses, the EIS results demonstrated
differences in the electron-transfer resistance after each surface
modification.

Several key experimental conditions the fabrication of the
miRNA biosensor were examined and optimized. Fig. S2B depicts
the effect of the mixing concentration or mole ratio of PASE to MB
on the change in the ECL intensity (DECL) after the sensor was
incubated with miRNA. DECL obviously increases with the PASE to
MB mole ratio up to 1:3 and then declines. As briefly described
earlier, PASE was used as a base for the azido-functionalization
needed for the attachment of the Ru-DNA via click chemistry, and
MB was used as an ECL quencher. Not surprisingly, the relative
amounts of PASE and MB competitively adsorbed on the GCE/ERGO
electrode affected the ECL detection, as raising the amount of MB
could lower the background ECL signal to some extent and provide
relatively abundant space for the ECL hairpin probe assemblies,
which should be favorable for subsequent target miRNA hybridi-
zation and the enhancement of ECL signals. Nevertheless, further
increasing the amount of MB leads to a decrease in DECL, probably
because the reduced amount of PASE on the electrode limited the
number of Ru-DNA moieties that could be attached, thus reducing
the ECL signal recovery. Therefore, the optimal mixed concentra-
tion/mole ratio of PASE to MB was found to be 1:3.

The azidation degree of the electrode surface was directly
determined by the amide reaction between 3-Azido-1-PrA and
PASE, which further affected the click chemistry reaction and the
assembly of DNA probe. Thus, two additional experimental condi-
tions, i.e., the binding time and the concentration of 3-Azido-1-PrA
on the GCE/ERGO/(PASE þ MB) electrode, were also optimized. As
shown in Fig. S2C(a), as the 3-Azido-1-PrA binding time increases,
the ECL intensity gradually increases until 120min, after which it
levels off. Hence, 120min was chosen for the subsequent 3-Azido-
1-PrA binding processes. The effect of the 3-Azido-1-PrA concen-
tration on ECL is shown in Fig. S2C(b), inwhich 2mM is shown to be
an effective concentration for miRNA biosensor fabrication.

Fig. S2D depicts the effect of the composition of the click
chemistry reaction medium on the ECL response of the biosensor;
the optimal mole ratio of CuSO4 to sodium L-ascorbate was found to
be 1:2.
3.3. Analytical detection of miRNA by the sensor

Using the optimized experimental conditions, the sensitivity of
the designed sensor was tested. Fig. 3A depicts the ECL response of
the biosensor to different concentrations of let-7d; the ECL in-
tensity rises with increasing miRNA concentration from 10 fM to
10 nM. A linear relationship between the ECL peak intensity (y) and
log[let-7d (pM)] (referred to as x) is shown in Fig. 3B; the linear
regression equationwas determined to be y¼ 4322þ 896.5x with a
correlation coefficient (R2) of 0.997. In comparison to other
detection methods for miRNA (Table 1), the present sensor pos-
sesses sensitive analytical performance for detecting let-7d with a
relatively low limit of detection of 10 fM (signal to noise is 3) and an
attractive dynamic range of six orders of magnitude from 0.010 to
1� 104 pM.
3.4. Specificity, reproducibility, and stability

Due to the short sequence and sequence homology of miRNA,
selectivity is a vital factor when fabricating a miRNA biosensor. To
assess the specificity of the present sensor, three other miRNAs
from the same sequence family as let-7d, namely let-7a, let-7b, and
let-7c (Table S1), were employed for the selectivity investigation. In
of let-7d, and (B) Calibration curve of the miRNA biosensor.



Table 1
Comparison between the proposed biosensor and referenced methods for detection of miRNAs.

Biosensor configuration Detection methoda Linear range (pM) Detection limit (fM) Refs

GCE/AuNPs/DNA tweezer/report DNA ECL 0.1� 10�3-10 0.03 [55]
DNA super-sandwich assemblies/streptavidin SPR 10e1� 106 9000 [56]
miRNA-21/DNA-AuNPs@MoS2 DPV 0.01e1000 0.78 [57]
CdTe QDs/probe/Target miRNA-122 RLS 160e4800 9400 [58]
Capture probe/miRNA/detection probe Fluorescence 0.01e100 1.38 [59]
GCE/ERGO/(PASE þ MB)/3-Azido-1-PrA/Ru-DNA ECL 0.01e10,000 10 This work

a SPR: surface plasmon resonance; DPV: differential pulse voltammetry; RLS: resonance light scattering.
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comparison to let-7d, these three miRNAs have 2, 4, and 3 mis-
matched bases, respectively. Fig. 4A shows a comparison of their
ECL responses; the ECL signal associated with let-7d is significantly
larger than those of other three miRNA samples. Additionally, the
changes in the ECL signals correlated well with the number of
mismatched bases in the miRNA. When fewer mismatched bases
are present, the Ru-DNA probe is more likely to hybridize with the
target miRNA, leading to a greater amount of the Ru(bpy)2(dcbpy)
moiety moving away from the MB quencher on electrode surface,
leading to a stronger ECL response.

The reproducibility of the designed biosensor was evaluated by
recording ECL signals from (a) three identical miRNA biosensing
electrodes incubated with 0.10 nM of the miRNA let-7d (Fig. 4B(a))
Fig. 4. (A) Integrated DECL intensity of the proposed biosensor after being incubated
with different types of miRNAs samples at a concentration of 0.10 nM for each RNA. (B)
ECL intensity of the miRNA biosensor incubated with 0.10 nM let-7d from (a) three
identical electrodes, and (b) three measurements of one individual electrode. ECL was
performed in 0.10M PBS (pH 7.4) containing 10mM BDEA at a CV scan rate of 100mV/s.
and (b) three different measurements obtained using the same
biosensor/miRNA (Fig. 4B(b)) under the same experimental con-
ditions. Relative standard deviations (RSDs) of 3.86% and 4.05%
were achieved in these experiments, respectively, indicating that
the miRNA sensor possessed good reproducibility.

The long-term stability of the biosensor was studied by taking
ECL measurements before and after the miRNA (i.e., let-7d) incu-
bated electrode was stored at 4 �C for three weeks. An ECL recovery
signal of 91.2% was obtained, demonstrating the excellent stability
of the biosensor.

3.5. Detection of a cell sample using the biosensor

To verify the reliability of our biosensor in the analysis of
practical samples, the proposed biosensor was used to detect the
concentration of let-7d extracted from A549 cells. This cell line has
beenwidely used in studies of themiRNA let-7d [60e62]. As shown
in Fig. 5, the average ECL intensities for the detection of 5� 106,
1� 107, and 5� 107 cells were 3443, 3677, and 4522 (a.u.),
respectively. The corresponding total let-7d concentrations were
calculated to be 0.11 (±0.03), 0.19 (±0.03), and 1.67 (±0.04) pM (95%
confidence interval) using the linear regression equation given in
the Analytical performance of the biosensor section (Fig. 3). The
data obtained using the constructed ECL biosensor indicate that it
can correlate the number of cells to the targetmiRNA concentration
(inset of Fig. 5) in the detection of real biological samples.

3.6. Estimation of the binding constant of miRNA with the
immobilized Ru-DNA

One of the major assumptions for DNA probe-based biosensors
Fig. 5. Real sample analysis of let-7d detection in A549 cell lysates, performed in
0.10M PBS (pH 7.4) containing 10mM BDEA. Inset: relationship between the number
of cells and the concentration of miRNA let-7d.
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is that the probe reacts with the target to form a stable complex.
However, little is known on how strong the probe-target interac-
tion would be, especially considering the fact that the reaction
process often occurs on the surface of an electrode consisting of a
series of layers. In this section, we use an extended Langmuir model
[63] to estimate the binding constant of the probe DNAwithmiRNA
let-7d. Fig. S3A shows the relationship between the ECL intensity
change (DECL) and the concentration of miRNA over a wide con-
centration range. Initially, the DECL increases sharply, but then
approaches a relatively stable value in the high concentration
range. Assuming the DNA-RNA hybridization process meets the
requirements of the Langmuir isotherm model [19,64], the binding
constant (i.e., the equilibrium constant Kb) can be expressed as:

Ru� DNAjGCE þ miRNA #Ru� DNA �miRNAjGCE (12)

Kb¼
½Ru� DNA �miRNAjGCE�
½Ru� DNAjGCE�½miRNA� (13)

Where [Ru-DNA�miRNA|GCE], [Ru-DNA|GCE], and [miRNA] repre-
sent the surface concentration of the hybridized DNA-miRNA
complex on the GCE, the concentration of the capture probe Ru-
DNA assembled on the GCE, and the solution concentration of the
target miRNA, respectively. Thus, the relationship between DECL,
the maximum DECL (DECLmax) corresponding to the maximum
solution concentration of miRNA at saturated hybridization, the
concentration of target miRNA [miRNA], and the binding constant
(Kb) can be expressed as follows:

DECL ¼ DECLmax � Kb½miRNA�n
1þ Kb½miRNA�n (14)

This expression can be rearranged to give Eq. (15):

½miRNA�n
DECL

¼ 1
Kb$DECLmax

þ ½miRNA�n
DECLmax

(15)

Where the parameter n is a number related to the spread of the
surface energy distribution [63]. For the Langmuir isotherm (the
ideal model), n approaches unity (1) and the surface approaches
homogeneity. The non-linear fit of the experimentally obtained
data illustrates that the Langmuir model (i.e., Eq. (14) with n¼ 1)
cannot be applied in the present case (Figure S3A(a)). Instead, an
extended Langmuir model (Eq. (14), with three variables including
n) fits the data excellently (Figure S3A(b)) to give values of
DECLmax¼ 5985 (a.u.), Kb¼ 0.47 pM�1, and n¼ 0.33. According to
Eq. (15), [miRNA]n/DECL should be linearly proportional to
[miRNA]n, with an intercept of 1/(Kb�DECLmax) and a slope of 1/D
ECLmax. Fig. S3B shows such a plot, where n¼ 0.33 from previous
non-linear fitting was used. As expected, the calculated DECLmax
and Kb values matched well with those obtained from Fig. S3A. The
large Kb value (0.47 pM�1 or 4.7� 1011M�1) suggests that under
the present experimental conditions, the surface-confined probe
DNA could bind the 22-mer miRNA let-7d strongly. This strong
binding is probably responsible for the LOD and the very wide
dynamic range of the present biosensor. Previous studies have
shown that the binding affinities of aptamers are highly target-
dependent, with binding constants ranging from 1� 1012 to
1� 107M�1 for various targets [65e67]. The small n value is
consistent with the surface property of the biosensor, in which
multiple binding sites (i.e., 22 bases per DNA probe) are available
for miRNA interactions. In a sense, the surface is very
heterogeneous.
4. Conclusions

An ultrasensitive ECL biosensor for miRNA detection was
designed based on the click ligation of a Ru(bpy)2(dcbpy)-labeled
DNA hairpin (Ru-DNA) and on the use of surface-confined MB
molecules as ECL quenchers in the Ru(bpy)2(dcbpy)/BDEA ECL
system. On the basis of ECL, FL, and UVeVis spectroscopic studies,
the ECL quenching behavior of the surface-bound Ru(bpy)2(dcbpy)/
BDEA-MB systemwas attributed to a combination of the resonance
energy transfer (RET), collisional (dynamic) quenching, and
electron-transfer related quenching pathways. Upon hybridization
of the target miRNA with the Ru-DNA hairpin, which was assem-
bled effectively on the electrode via click chemistry, the Ru-
terminal moved away from the MB-bound surface, resulting in an
increase in the ECL intensity that was very sensitively correlated to
the target concentration. The proposed miRNA biosensor was
capable of quantifying miRNA let-7d over a very wide dynamic
range from 10 fM to 10 nM. Furthermore, the biosensor demon-
strated excellent specificity, remarkable reproducibility, and
outstanding stability toward the target miRNA. The ECL sensing
strategy presented in this paper could have great potential in the
detection and quantification of biological samples. Finally, using an
extended Langmuir isotherm, a strong binding constant between
the DNA probe and the target miRNA let-7d was estimated.
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