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ABSTRACT

Generally, electrochemiluminescence (ECL) assays are performed in the
presence of the coreactant. The addition of the coreactant in the detection solution
would make the ECL system lack sufficient stability. In the case of dissolved oxygen
as coreactant, the unknown concentration of dissolved O, would result in an
inevitable error and the lack of reproducibility in detection. A coreactant-free ECL
assay could overcome above shortcomings, thus is an ideal choice. In this work, a
coreactant-free dual amplified -electrochemiluminescent (ECL) strategy was
constructed for ultra sensitively detecting of microRNA (miRNA). Here,
target-catalyzed hairpin assembly and enzyme-triggered DNA walker recycling
amplification were integrated to achieve the dual signal amplification.
Carboxyl-functionalized poly[9,9-dioctylfluorenyl-2,7-diyl)-Co-1,4-benzo-{2,1°-3 }-
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thiadiazole)|(PFBT-COOH) dots were used as luminophore, which displayed a
prominent ECL performance without adding any coreactant and removing the
dissolved O,. As a result, the detection of miRNA was achieved, and the linear range
was from 10 aM to 5 pM and the detection limit was low to 3.3 aM. Meanwhile, the
practicability of our biosensor was investigated by analyzing the expression of
miRNA in cell lysates. The PFBT-COOH dots provided a great platform for
constructing coreactant-free ECL biosensor and expanded the application of
conjugated polymer dots in clinic analysis.
KEYWORDS: Electrochemiluminescence, biosensor, PFBT-COOH, microRNA,
coreactant-free
1. INTRODUCTION

MicroRNAs (miRNAs) are a kind of endogenetic, nonprotein-coding, short
(typically about 19-25 nucleotides) and single-stranded RNAs!-3, which have been
certified to be significant regulators in several biological processes such as
hematopoiesis*, cell proliferation’, and apoptosis®. Research evidences have indicated
that the abnormal expression of miRNAs is related to the occurrence of various
cancers’. Therefore, it is urgent to exploit a sensitive, highly specific and reliable
assay for detecting miRNAs.

Electrochemiluminescence (ECL), integrating the chemiluminescence (CL)® and
electrochemical technique® !9, possesses high sensitivity, wide dynamic range, facility
and good stability. It has been used widely in environmental analysis, biochemical
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and clinical examination!!-13. Generally, in order to obtain a high ECL signal intensity,
the ECL assays were performed in the presence of coreactant. The most common way
to use coreactant in ECL detection is to add it into testing solution. The addition of
exogenous coreactant would affect the environment of the testing solution, and make
the ECL system lack sufficient stability, thus resulting in a measurement error'4. In
order to avoid the defects from the addition of exogenous coreactant into testing
solution, the following measures were adopted: (1) applying an enzyme to catalyze
for in situ generating coreactant!’; (2) immobilizing the coreactant on the surface of
electrode!'®; (3) preparing self-enhanced complexes by integrating the luminophores
and their coreactant in the same molecular structure or composite!”!3- Although above
methods indeed could improve the luminous stability and luminous efficiency of
luminophores in ECL system, the complexity of the operation and the harsh use
conditions of the enzyme limited their application. Additionally, utilizing dissolved
O, as coreactant also could avoid the defects of the addition of exogenous
coreactant'®2!, but the unknown concentration of dissolved O, would result in an
inevitable errors and the lack of reproducibility in detection. Thus, it is very valuable
to develop an ECL system with high ECL emission efficiency in the absence of any
exogenous coreactant and dissolved O,.

Recently, the conjugated polymers exhibits outstanding features such as high
charge carrier mobility, facile surface functionalization, good photostability, thus have
gained extensive attention?>23.
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Poly[9,9-dioctylfluorenyl-2,7-diyl)-Co-1,4-benzo-{2,1°-3}-thiadiazole)] (PFBT), as a
typical conjugated polymer, has widespread applications in cellular abeling®4,
fluorescent imaging and sensing?-?%. However, the PFBT has been rarely used for the
development of ECL sensing because of the poor water solubility. Ju’s group
designed a true-color ECL imaging strategy using PFBT polymer dots as the emitters
for a multi-immunoassay of proteins?’. This report pioneered the application of PFBT
dots in ECL field, but tripropylamine was added as the coreactant of PFBT dots. As
mentioned above, the addition of exogenous coreactant would make the ECL system
lack stability. In our previous study, the poly-(styrene-co-maleicanhydride) (PSMA)
was applied as the functional copolymer to prepare the carboxyl-functionalized
poly(9,9-dioctylfluorenyl-2,7-diyl) (PFO) dots (Pdots), and an enough strong ECL
signal was obtained firstly without adding any coreactant because of the increase of
water solubility?®. Nevertheless, because of the insufficient stability and film-forming
of Pdots, the chitosan was used as an immobilization matrix. The non-conductive
property of chitosan would obviously impede the ECL performance of Pdots.
Fortunately, the PSMA functionalized PFBT (PFBT-COOH) dots not only exhibited a
superior ECL property but also revealed an excellent film-forming ability. In the case
of without adding any coreactant and removing the dissolved oxygen with N, the
ECL strength of PFBT-COOH dots could reach 18,000 a.u., which was about 5 times
higher than that of Pdots and 24 times higher than that of pure PFBT. Thus
PFBT-COOH dots could act as a new ECL emitter with fantastic luminous efficiency.
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The DNA walkers have drawn extensive attention because of the effective and
accurate signal amplification?>3?. As a consequence, utilizing PFBT-COOH dots as
luminophore, a coreactant-free dual amplified ECL biosensor was constructed to
sensitively detect miRNA-155 in collaboration with target-catalyzed hairpin assembly
and enzyme-triggered bipedal DNA walker recycling amplification. As shown in
Scheme 1, firstly, the PFBT-COOH dots were modified onto the electrode surface,
which acted as the matrix for assembling DNA S1 to obtain a super strong ECL signal
without adding any coreactant. Next, the black hole quencher (BHQ)-labeled DNA S2
(BHQ-S2) was introduced by hybridizing with S1. Herein, the ECL signal achieved a
“signal-off” state due to the high quenching efficiency of BHQ. Finally, the bipedal
DNA walkers produced via target-catalyzed hairpin assembly and Exonuclease III
(Exo III) were incubated onto the electrode simultaneously. On the one hand, the
BHQ-S2 was displaced by the bipedal DNA walker to be released from the surface of
electrode. On the other hand, the Exo III digested the recessed 3’ termini and blunt of
double-stranded DNA3!, and made the DNA walker free to displace another BHQ-S2,
achieving the DNA walker recycling processes. As expectedly, the ECL signal
switched to “signal-on” state. Due to the integration of high luminous efficiency of
PFBT-COOH dots, high quenching efficiency of BHQ as well as the dual amplified
strategy, the proposed ECL “off—on” biosensor achieved the ultrasensitive detection
of miRNA-155. Furthermore, the expression of miRNA-155 in cell lysates was
analyzed to evaluate the practicability of the biosensor. Satisfactorily, the
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PFBT-COOH dots provided a great platform for the construction of coreactant-free
ECL biosensor. Meanwhile, the combination of PFBT-COOH dots and black hole

quencher provided a new idea for determining miRNA-155 in clinic analysis.
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Scheme 1. Schematic illustration of the synthesis of PFBT-COOH dots and construction of

biosensor

2. EXPERIMENTAL

2.1. Preparation of the PFBT-COOH Dots

Firstly, the stock solutions of PFBT and PSMA with a concentration of 1.0

mg/mL were prepared by dissolving them in THF, respectively. Then, 4.0 mL of the

prepared PFBT and 800 puL of PSMA were mixed and sonicated to obtain the

homogeneous solution. Subsequently, ultrapure water (10 mL) was injected into

above solution and stirred overnight. Finally, partial vacuum evaporation was

performed to remove THF from the solution and obtain PFBT-COOH dots.

2.2. Preparation of DNA Walkers (Secondary Target)
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The DNA walkers were synthesized through the target-catalyzed hairpin
assembly process. Firstly, the hairpins (H1 and H2) were treated by heating them at
90 °C for 5 min and slowly cooling down to room temperature prior to use. Then,
target miRNA (10 pL), H1 (10 uM, 5 pL) and H2 (10 uM, 5 pL) were mixed.
Afterwards, the mixed solution was incubated at 37 °C for 90 min to form DNA
walkers
2.3. Construction of Biosensor

The assembly process of the biosensor is depicted in Scheme 1. Firstly, a glassy
carbon electrode (GCE) with a diameter of 4.0 mm was pretreated, as reported in the
reference?®. Then, it was modified with 10 uL of PFBT-COOH dispersion. After dried,
the modified electrode was immersed in cross-linking agent (0.02 g/mL of EDC and
0.01 g/mL of NHS) at room temperature for 30 min. Then, S1 (10 pL, 10 uM) was
incubated onto the PFBT-COOH dots layer with active carboxyl groups at 4°C
overnight. After the nonspecific sites were blocked with HT (1.0 mM) for 40 min at
room temperature, BHQ-S2 composite (10 pL, 10 uM) was incubated on the
electrode for 2 h at 37°C. Subsequently, Exo [II (5 pL) and prepared DNA walker
(10 uL) were cast onto the surface of decorated electrode. The ECL response of the
modified electrodes was detected in 2.0 mL PBS (0.10 M, pH 7.4). During the ECL
measurement, the following parameters were set, including the voltage of 800 V for
photomultiplier tube (PMT), the amplifier series of 3 and the scan rate of 0.3 V/S.

3. RESULTS AND DISCUSSION
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3.1. ECL Property of PFBT-COOH Dots

The ECL property of PFBT-COOH dots and pure PFBT modified electrodes was
studied in PBS, respectively. As displayed in Fig. 1A, the PFBT/GCE displayed a
weak ECL emission about 700 a.u. (the black curve). Nevertheless, the PFBT-COOH
dots/GCE exhibited an extraordinarily improved ECL response about 18000 a.u. (the
red curve), which was about 24 times higher than that of pure PFBT. The reasonable
interpretation may be as follows. The modification of carboxyl groups could enhance
the water solubility of polymer dots, and enhance the effective concentration of the

luminophore, thus leading to an increase in ECL signal, as reported in our previous

work?8.
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Fig. 1. The ECL response of (A) PFBT-COOH dots/GCE and PFBT/GCE, (B) PFBT-COOH
dots/GCE with O, and with N, in PBS
3.2. Possible ECL Mechanism of PFBT-COOH Dots

In this work, we firstly explored whether the dissolved oxygen in solution served
as the coreactant of PFBT-COOH dots. The ECL response of PFBT-COOH dots/GCE
was measured in PBS with dissolved O, and deoxygenated with N, respectively. As
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demonstrated in Fig. 1B, there was no significant distinction between the two curves,
suggesting that the strong ECL emission of PFBT-COOH dots was not ascribed to the
dissolved O,.

Secondly, we investigated whether the reactive oxygen species (ROS) (O, and
OH") produced in the surface of electrode served as the intermediate to react with
PFBT-COOH dots. In order to confirm it, L-cysteine was employed as the scavenger
of O, and OH". As well, the superoxide dismutase (SOD) was employed as the
purifier to eliminate O,"". As seen from Fig. 2A and Fig. 2B, there was no significant
difference in ECL response before and after treatment using L-cysteine and SOD,
indicating that O, and OH" did not serve as the intermediate to enhance the ECL

signal of PFBT-COOH dots.
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Fig. 2. ECL response of PFBT-COOH dots/GCE (A) without SOD (curve black) and with SOD

(curve red) in PBS, (B) without L-cysteine (curve black) and with L-cysteine (curve red) in PBS,
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(C) in PBS (curve black) and in MeCN (curve red) and (D) in PBS with different pH values

To explore the ECL mechanism of PFBT-COOH dots, we also compared the
ECL behavior of PFBT-COOH dots/GCE in MeCN system and in PBS. As shown in
Fig. 2C, in MeCN system, there was a weak ECL emission while a strong ECL
emission was observed in PBS, indicating that the aqueous solution may play a key
role. To testify whether the enhanced ECL emission was caused by the OH™ in PBS,
the ECL behavior of PFBT-COOH dots/GCE in PBS solutions at different pH values
was investigated. As expectedly, with pH values of PBS solution increasing from 2 to
10, the ECL response increased (Fig. 2D). Actually, when pH>10, the ECL intensity
increased continuously (the data not shown here). Above facts indicted that the OH™
does play a vital role on the ECL emission of the PFBT-COOH dots. In fact, similar
amplification effect of OH™ on the ECL emission has been observed in an organic
ECL emitter’. The possible mechanism is speculated as Scheme 2. Firstly,
PFBT-COOH was oxidized to produce the radical cation of PFBT-COOH
(PFBT-COOH™) on the surface of electrode. Then the proton of PFBT-COOH™ was
eliminated through the reaction between PFBT-COOH* and OH™ in PBS to give the
reducing intermediate radical PFBT-COOH". Finally, PFBT-COOH" could reduce
PFBT-COOH™ to generate the excited-state PFBT-COOH?*, thus yielding ECL

emission.
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Scheme 2. Possible ECL mechanism of the PFBT-COOH dots
3.3. Characterization of ECL Biosensor and Optimization of Incubation Time of
DNA Walker

The cyclic voltammograms (CVs) was measured in 5.0 mM [Fe(CN)s]*7# to
characterize the stepwise fabrication process of the biosensor. As seen from Fig. 3A,
the bare GCE showed a couple of quasi-reversible redox peaks in CVs (curve a). For
the electrode modified with PFBT-COOH dots , the redox current was declined (curve
b) due to the hindrance of the thin film on the electrode surface for electron transfer.
Since DNA could impede the electron transmission, a notable decreased redox current
was detected after S1 was incubated onto the electrode (curve c). After the
nonspecific binding sites were blocked with HT, the modified electrode displayed an
increased redox current (curve d). When BHQ-S2 was introduced, the peak current
slightly decreased (curve e). Then, the redox current increased obviously when the
walker and Exo III were incubated on the electrode surface (curve f), because the

BHQ-S2 was displaced by the bipedal DNA walker to be released from the electrode
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surface. Simultaneously, the walker was free to displace another BHQ-S2 with the
cleavage of the S1 assisted by the Exo III.

The electrochemical impedance spectroscopy (EIS) at each fabrication step was

measured in 5.0 mM [Fe(CN)4]*# solution. Fig. 3B exhibits the corresponding results.

As seen, a fairly small semicircle was observed at bare GCE (curve a), indicating a

low electron-transfer resistance (R). The R of the PFBT-COOH dots modified

electrode was increased (curve b). After introducing with S1, the R further increased

(curves c¢). With the incubation of HT on the electrode, the R, decreased (curve d).

When BHQ-S2 was introduced, the R.; increased (curve e). Then, the R decreased

obviously when the walker and Exo I1I were incubated on the electrode surface (curve

f). The results of EIS characterization further suggested that our proposed ECL

biosensor was constructed successfully.

Fig. 3C displays the ECL response in 0.10 M PBS (pH 7.4) of the stepwise

fabrication process of the biosensor. As seen, no ECL response was observed at the

bare GCE (curve a). Interestingly, PFBT-COOH dots/GCE presented a remarkable

ECL signal with nearly 18000 a.u. in the case of coreactant-free (curve b), indicating

a great ECL luminous efficiency of PFBT-COOH dots. After the electrode was

incubated with S1 and further blocked with HT (curve c), the ECL response declined

slightly. When BHQ-S2 was introduced (curve d), a distinctly decreased ECL signal

was achieved because of the excellent ECL quenching effect of BHQ on

PFBT-COOH dots. However, when the walker and Exo III were incubated onto the
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electrode surface simultaneously (curve e), the numerous quencher BHQ was away
from the electrode surface, thus the quenched ECL signal was recovered to ‘on’ state.

The loading amount of DNA track to the electrode and the density of DNA track
on the electrode were investigated by cyclic voltammetry (CV)* and
chronocoulometry (CC)**. The density of DNA track in this work was calculated as
8.13x10'2 molecules cm2, as presented in S7 1.5, indicating a high loading of DNA
track on the modified electrode.

Additionally, the effect of incubation time of DNA walker on the ECL emission
of the modified electrode was investigated. As shown in Fig. 3D, with incubation time
increasing from 10 min to 120 min, the ECL intensity increased. When incubation
time exceeded 120 min, the intensity changed slowly, thus the optimal time of DNA

walker was chosen as 120 min.
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Fig. 3. (A) CV and (B) EIS characterization of the stepwise fabrications of the biosensor: (a) bare
GCE, (b) PFBT-COOH dots/a, (c) S1/b, (d) HT/c, (¢) BHQ-S2/d, (f) DNA walker/Exo Ill/e; (C)
ECL performance of the stepwise modified electrode: (a) bare GCE, (b) PFBT-COOH dots/a, (c)
S1/HT/b, (d) BHQ-S2/c, (¢) DNA walker/Exo III/d; (D) ECL response in different incubation time
of DNA walker
3.4. ECL Measurement of Biosensor

The quantitative measurements of the miRNA-155 were performed using the
proposed ECL biosensor at optimal conditions with the “off-on” mode. Fig. 4A
depicts the results. And the ECL response without target revealed a low ECL signal
(curve a). Meanwhile, when the concentration of miRNA-155 increased from 10 aM
to 5 pM, the anode ECL signal increased, and the evaluated detection limit is 3.3 aM
(S/N = 3). As seen from Fig. 4B, the Iz exhibited a positive correlation with the
logarithmic value of miRNA-155 concentration (lgc). Linear equation was [ =
45813.8 +2573.6 lgc with the square of the correlation coefficient of R? = 0.9938.

Besides, Table 1 lists the comparison of the prepared biosensor with other
reported assays. As seen, the proposed biosensor behaved a higher sensitivity and a
lower detection limit. It can be attributed to following reasons: (1) The PFBT-COOH
dots possess a significant luminous efficiency; (2) The ECL-RET from excited
PFBT-COOH dots to BHQ results in a high annihilation efficiency of BHQ on the

ECL signal of PFBT-COOH dots (as presented in S/ [.4), thus giving a low
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background signal,; (3) The target-catalyzed hairpin assembly and bipedal DNA

walkers were integrated to achieve a dual amplification.

oNOYTULT D WN =
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34 Fig. 4. (A) ECL response of the biosensor towards miRNA-155 with different concentrations: 0,
37 10 aM, 100 aM, 1 fM, 5 fM, 50 fM, 100 fM, 1 pM and 5 pM (from a—i); (C) ECL response of the
modified electrode with DNA walker but without Exo I towards miRNA-155 with different
42 concentrations: 0.5 fM, 1 fM, 5 fM, 10 M, 50 fM, 100 fM, 0.5 pM and 5 pM (from a—h); (B) and
45 (D) The corresponding calibration curve for the ECL intensity vs the logarithm of miRNA-155
concentration

30 3.5. Comparison of ECL Response of Different Modified Electrodes

53 In order to testify that this system is a DNA walker rather than enzymatic
56 cleavage, we tested the ECL response of BHQ-S2/HT/S1/PFBT-COOH dots/GCE in
the case of with Exo Il alone, with DNA walker alone and with both DNA walker
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and Exo II, respectively. The results identified that this system is a DNA walker
driven by Exo III, as demonstrated in Fig. S5 (S7 1.6).

The ECL response of the BHQ-S2/HT/S1/PFBT-COOH dots/GCE towards
miRNA-155 was examined in the case of with DNA walker but without Exo II. As
shown in Fig. 4C, anode ECL signal increased with the concentration of miRNA-155
increasing from 0.5 fM to 5 pM. Fig. 4D displayed the calibration curve for the ECL
intensity vs the logarithm of miRNA-155 concentration and a detection limit of 0.17
fM was obtained (S/N = 3). Compared to the detection limit of 3.3 aM in the case of
with Exo III for the two-step amplification, the detection limit in the absence of Exo
IIT was about 50 times higher, indicating that the amplification strategy of the
proposed biosensor performed an excellent amplified ability.

3.6. Selectivity and Stability of the miRNA Biosensor

Common short single-stranded RNAs including miRNA-21, miRNA-141,
miRNA-126 and let-7a were employed as potential interfering substances to
investigate the selectivity of the as-prepared biosensor. As depicted in Fig. 5A,
compared to the blank, no obvious increase in ECL intensity was observed in the
presence of 100 fM miRNA-21, miRNA-141, miRNA-126 and let-7a, respectively.
Whereas, when the target miRNA-155 was tested at a low concentration (1 fM), the
ECL intensity exhibited a significant increase. Besides, the mixture of 1 fM
miRNA-155 and interference substances was also measured, and it was found that
there was almost no difference in ECL signal intensity between the mixture and
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miRNA-155 alone. The results indicated an outstanding specificity of the proposed
biosensor.

The stability of our biosensor was evaluated in the presence of 10 fM
miRNA-155. As seen from Fig. 5B, after consecutive cyclic scans for 16 cycles, the
ECL response showed inconspicuous undulation with a relative standard deviation

(RSD) of 0.04%, indicating a satisfying stability of the biosensor.
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Fig. 5. (A) Selectivity of our biosensor with different RNAs: (a) blank, (b) miRNA-21(100 fM), (c)
miRNA-141(100 fM), (d) miRNA-126(100 fM), (e) let-7a(100 fM), (f) miRNA-155(1 fM) and (g)
mixture. (B) Stability of the elaborated biosensor
3.7. Practical Application of Biosensor

Practicability of the biosensor was estimated by investigating the expression of
miRNA-155 in different cell lysates from human cervical cancer cell (Hela) and
breast adenocarcinoma cell (MCF-7). As exhibited in Fig. 6, the blank displayed a
weak ECL emission (a) and the ECL intensity increased with increasing the cell
number from Hela. Meanwhile, when the concentration of MCF-7 increased from 10
to 10* cells, the ECL intensity increased obviously. The over expressed of
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miRNA-155 in MCF-7 was consistent to the previous work®. The above
consequences demonstrated that our proposed biosensor can offer a feasible and

effective method for the detection of miRNAs.
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Fig. 6. ECL response towards miRNA-155 in cell lysates from Hela and MCF-7 with different
numbers: (a) blank, (b) 10, (¢) 102, (d) 103, (e) 10* cells

Table 1. Comparison of the prepared biosensor with other reported assays for miRNA detection

Determine method Linear range Detection limit Reference
fluorescence 1 fM to 100 nM 1 fM 36
electrochemistry 5fM to 5 pM 10 ftM 37
ECL 1 fM to 50 pM 0.33 fM 38
ECL 100 aM to 1 nM 29.5 aM 39

ECL 10 aM to 5 pM 3.3 aM This work

4. CONCLUSION
In this work, it was found that PFBT-COOH dots exhibited an unexceptionable
ECL luminous efficiency without the addition of any coreactant and removing the

dissolved O,. More importantly, the black hole quencher (BHQ), as a common

18

ACS Paragon Plus Environment

Page 18 of 25



Page 19 of 25

oNOYTULT D WN =

ACS Applied Materials & Interfaces

quencher in fluorescence, could effectively quench the ECL intensity of PFBT-COOH
dots. The combination of the high luminous efficiency of PFBT-COOH dots and the
high quenching efficiency of BHQ provides a new, simple and sensitive ECL
platform, and expands the application of polymer dots in bioanalysis. With
PFBT-COOH dots as luminophore, we constructed a coreactant-free dual amplified
ECL strategy for the ultrasensitive detection of miRNA in clinic analysis.
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