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ABSTRACT

In this work, a pyrene-based porous organic polymer (Py-POP) with strong electrochemiluminescence
(ECL) emission was synthesized and used to fabricate an ECL sensor for the extra-sensitive detection of
microRNA-155. The ECL intensity of the Py-POP prepared by tetra(p-aminophenyl)methane (TAPM) and
1,3,6,8-tetrakis(4-formylphenyl)pyrene (TFPPy) was about 3.1 times that of TFPPy aggregates, which was
primarily ascribed to the elimination of the effect of aggregation-caused quenching (ACQ) by increasing
the distance between ACQ luminophores (pyrene cores) in Py-POP. Meanwhile, the strong covalent
connections between 1,3,6,8-tetraphenylpyrene (TPPy) and tetraphenylmethane (TPM) units in the rigid
framework of Py-POP could partly block the intramolecular motion of TPPy and TPM, which reduced the
non-radiative decay and thus further improved the ECL emission. Furthermore, the hydrophobic porous
structure of Py-POP was beneficial to the enrichment of lipophilic tripropylamine (TPrA) coreactants in
pores of Py-POP, which greatly shortened the electron migration distance between TPrA coreactants and
pyrene luminophores on the pore walls of Py-POP, thereby also enhancing the ECL intensity. By using the
Py-POP as a new ECL tag and with the help of the strand displacement processes and target recycling, the
fabricated ECL biosensor had a sensitive response for microRNA-155 from 1 fM to 1 nM and a detection
limit of 0.326 fM. Overall, this work provided a new and feasible strategy to surmount the ACQ effect for
enhancing ECL emission, which not only paved a new way to exploit high-performance ECL materials for
fabricating extra-sensitive sensors but also broadened the application of POPs in bioanalysis and ECL
fields.
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1. Introduction

Electrochemiluminescence (ECL) is one of the most popular
methods for bioanalysis owing to its low background, high sensi-
tivity, excellent controllability, and inexpensive cost [1—-3]. Because
the concentration of cancer biomarkers is very low in the early
stage which can not be detected by clinical diagnosis [4,5], devel-
oping the extra-sensitive ECL biosensor for early diagnosis of cancer
is necessary. One of the most feasible ways of improving the
sensitivity of ECL biosensors is enhancing the loading number of
luminophores to obtain high-performance ECL materials [6—8].
Recently, many materials as carriers employed to load ECL lumi-
nophores have been reported, such as carbon nanotubes [9], silica
nanoparticles [10], and metal-organic frameworks (MOFs) [11—13].
In these carrier materials, MOFs have received considerable
research enthusiasm because of the ultrahigh surface area and or-
dered porosity [14], which could largely improve the immobiliza-
tion number of ECL luminophores [15]. However, because most
MOFs are not stable in water, the decomposition of MOFs will cause
the leakage of luminophores during the experiment process [16],
which would influence the reproducibility and stability of MOF-
based ECL biosensors. Hence, it is imperative to design and syn-
thesize new porous ECL materials with a large immobilization
number of luminophores and better water stability for fabricating
ultrasensitive ECL biosensors.

Porous organic polymers (POPs), synthesized from organic
monomers via robust covalent connections, including covalent
organic frameworks, conjugated microporous polymers, and
porous aromatic frameworks, are a new type of porous materials
with better water stability than MOFs [3,17—22]. More impor-
tantly, POPs can be synthesized from ECL-active organic mono-
mers directly, which may largely enhance the loading number of
ECL luminophores [3]. Although POPs have these advantages,
there are just a few works reported about POPs applied in ECL
fields. The reason may be that the ECL emission of POPs is easily
weakened or annihilated by the effect of aggregation-caused
quenching (ACQ) that results from m-7 stacking between aro-
matic rings [23]. Recently, Tang's group has converted the ACQ
luminophores (ACQphores) to aggregation-induced emission
(AIE) luminogens via connecting AIE molecules with planar
ACQphores [24], which broke the molecular planarity by the
twisted AIE molecules, and thus impeded detrimental =-7
stacking to eliminate ACQ effect. Inspired by the above research,
we speculate that ECL-active POPs may be designed by connecting
planar ACQphores with tetrahedral monomers, which can isolate
ACQphores with each other and thus overcome the ACQ effect to
achieve ECL enhancement. With this in mind, we used tetra(p-
aminophenyl)methane (TAPM) to react with 1,3,6,8-tetrakis(4-
formylphenyl)pyrene (TFPPy, Scheme 1A) and successfully syn-
thesized an ECL-active Py-POP. Gratifyingly, the ECL intensity and
ECL efficiency of Py-POP were respectively about 3.1 times and 1.5
times those of TFPPy aggregates at the same conditions. The
excellent ECL performance of Py-POP might be due to four rea-
sons. (1) The ACQphores (pyrene cores) were isolated with each
other in the rigid skeleton of Py-POP, which suppressed the ®-7
stacking between pyrene rings and thus surmounted the ACQ
effect. (2) The loading amount of ECL luminophores (pyrene cores)
was largely increased because TFPPy was employed as monomers
to synthesize Py-POP. (3) In the Py-POP, the 1,3,68-
tetraphenylpyrene (TPPy) and tetraphenylmethane (TPM) units
were stretched and fixed by covalent connections from four
different directions (Scheme 1A and Fig. S1), which could impede
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intramolecular motions of TPPy and TPM to some extent [25],
thereby diminishing the non-radiative energy loss. (4) The hy-
drophobicity of Py-POP was beneficial to the concentration and
enrichment of lipophilic tripropylamine (TPrA) co-reactants in the
pores of Py-POP, thus effectively shortening the electron transfer
path between TPrA co-reactants and pyrene luminophores. All
these features were helpful to improve the ECL performance of Py-
POP.

MicroRNA-155 (miRNA-155) was associated with a series of
diseases such as asthma, atherosclerosis and cervical cancer
[26—28], hence it was meaningful to detect miRNA-155 sensitively.
On account of the excellent ECL property of Py-POP, we constructed
an ultrasensitive ECL biosensor for miRNA-155 detection by uti-
lizing Py-POP as a new ECL probe combined with the strand
displacement amplification (SDA) and target cycling strategies.
Scheme 1B displayed the fabrication procedure of the ECL
biosensor. Firstly, Py-POP was dropped onto the bare electrode.
After Py-POP formed a film on the electrode, the Au nanoparticles
(AuNPs) were modified on the film. Next, the capture probe (CP)
was fixed onto the AuNPs, and the hexanethiol (HT) was subse-
quently used for blocking the nonspecific sites. Then, CP hybridized
with the ferrocene-labeled DNA (S1-Fc), which could make the ECL
signal of Py-POP quench (signal-off). The target cycling and SDA
strategies were shown in Scheme 1C. MiRNA-155 as the target
could hybridize with hairpin DNA (H1) to form the miRNA-155-H1
complex, which was subsequently hybridized with primer. Aiding
by deoxyribonucleoside triphosphates (dNTPs) and phi29 poly-
merase, the primer could be extended along the H1 template to
produce double-stranded DNA (dsDNA) and release miRNA-155 for
the next cycle (cycle I). The dsDNA could be cleaved by Nb.Bbv(Cl,
and the target substitute (output S2) was released by the poly-
merization reaction of phi29. Meanwhile, dsDNA was gained again.
After the continuous cycling reactions of cleaving and polymeri-
zation (cycle II), plenty of output S2 was released and then used to
displace S1-Fc hybridized with CP, leading to the detachment of S1-
Fc, so the ECL signal recovered (signal-on). Gratifyingly, the Py-POP-
based ECL biosensor realized the extra-sensitive measurement of
miRNA-155. Significantly, the finding of isolating ACQphores in
POPs for ECL enhancement provided a novel conception for
designing ECL materials with excellent properties, thus revealing a
new avenue to exploit extra-sensitive ECL biosensors, which
expanded the application scope of POPs.

2. Experimental procedure
2.1. Materials and reagents and Synthesis of Py-POP

Materials and reagents, the synthesis of Py-POP, were shown in
supporting information.

2.2. Fabrication of the ECL sensor

Firstly, the glassy carbon electrode (GCE) was burnished with 0.3
and 0.05 pm of Al,03 powder respectively. Secondly, dropped the
Py-POP (0.5 mg/mL, 10 pL) on the GCE to form a film at 37 °C.
Thirdly, 10 uL of AuNPs was decorated on the Py-POP film, and the
capture probe (CP, 0.5 pM, 10 pL) was modified onto the electrode at
4 °C for 10 h after the AuNPs solution dried. Then, 10 pL of HT (in
ethanol, 1 mM) was incubated onto the electrode for 40 min to
block the non-specific sites. After that, added S1-Fc (2 uM, 10 pL) to
the electrode for 3 h. Lastly, a 10 uL product of the target cycling and
SDA reaction was incubated onto the electrode at 37 °C for 2 h. It is
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Scheme 1. (A) Synthesis of Py-POP. (B) Construction process of ECL biosensor. (C) The target recycling and SDA strategies.

noteworthy that every modification needs to be rinsed with ul-
trapure water for removing the remaining reagents. The charac-
terization of the ECL sensor was placed in S9.

2.3. Measurement procedure

To detect miRNA-155, the ECL responses were measured in 2 mL
PBS (0.1 M, PH 7.4) including 10 pL of TPrA with a potential scanning
from 0.4 to 1.6 V (scanning speed: 0.2 V/s). The photomultiplier
voltage was 800 V.

3. Results and discussion
3.1. Characterization of Py-POP

The scanning electron microscopy (SEM) images (Fig. 1A) indi-
cated that Py-POP exhibited a granular shape with a diameter of
about 1 pum. The FT-IR spectra of TFPPy and Py-POP were displayed
in Fig. 1B. The band at 1699 cm ! in TFPPy was C=0 stretching peak
which diminished absolutely in FT-IR spectrum of Py-POP. The new
band at 1621 cm~! of Py-POP was C=N stretching peak, which
proved the formation of imine linkages in Py-POP. Thermogravi-
metric analysis (TGA) showed the first weight loss of degassed Py-
POP after 275 °C (Fig. 1C), which indicated that the Py-POP was
thermally stable at temperature up to 275 °C.

The porosity of Py-POP was investigated by nitrogen adsorption
measurement at 77 K. The isotherm (Fig. 2A) displayed a very sharp

uptake when the relative pressure (P/Pg) was less than 0.1, which
meant the existence of micropores. The Brunauer-Emmett-Teller
surface area and pore volume were respectively calculated as
125 m? g~ ! and 0.13 cm® g~ . The pore size distribution of Py-POP
exhibited a major peak centered at 1.30 nm (Fig. 2B).

3.2. Luminescence properties of Py-POP

The luminescent characteristics of Py-POP were investigated by
ECL and photoluminescence (PL) spectra. The ECL-wavelength-
potential 3D color map (Fig. 3A) and ECL heat map image
(Fig. 3B) of Py-POP were acquired under a scanning potential of
0.4—1.6 V, which intuitively displayed the maximum ECL emission
at 495 nm. The maximum PL emission peak in Fig. 3C was about
500 nm, which was almost the same place as the maximum ECL
emission peak.

3.3. ECL performance of Py-POP

The ECL performance of Py-POP was compared with TFPPy ag-
gregates (Fig. 4A). The average ECL intensity of Py-POP (red curve)
was 16912 a.u., which was about 3.1 times that of TFPPy aggregates
(Fig. 4A, blue curve, 5540 a.u.) under the same test condition. The
related current signals were shown in Fig. 4B. Furthermore, ac-
cording to the ECL efficiency (®gcr) of [Ru(bpy)s]>* system (5%) as
reference, the ®gc of Py-POP/TPrA system was calculated as 10.87%,
which was about 1.5 times that of TFPPy aggregates/TPrA system
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Fig. 1. (A) SEM image of Py-POP. (B) FT-IR spectra of Py-POP and TFPPy. (C) TGA of degassed Py-POP.
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Fig. 3. (A) 3D color map surface and (B) Heat map image of ECL from Py-POP (0.5 mg/mL, 10 uL) tested in 2 mL PBS (0.1 M, pH 7.4) containing 10 pL TPrA. (C) Normalized ECL
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(®gcL = 7.09%, Table S2). Hence, it was a feasible strategy to enhance
ECL intensity and efficiency by isolating ACQphores in POPs to
overcome the ACQ effect.

3.4. Possible ECL mechanism of the ECL sensor

The cyclic voltammetry (CV) and ECL responses were measured
to explore the possible ECL mechanism (Fig. 5). The bare GCE
(Fig. 5A a and Fig. 5B a) showed no redox peaks and no ECL signal in
PBS. When TPrA was added in the PBS, an oxidation peak at 0.93 V
was observed in Fig. 5A b, and the related ECL signal was about 60
a.u. (Fig. 5B b). As depicted in Fig. 5A ¢, Py-POP modified GCE (Py-
POP/GCE) revealed an oxidation peak at 1.37 V in the absence of

TPrA, and the relevant ECL intensity was approximate 110 a.u.
(Fig. 5B c). However, in the presence of TPrA, Py-POP/GCE exhibited
an obvious shift of the oxidation potential from 1.37 V to 1.06 V and
had a higher peak current (Fig. 5A d). At the same time, the cor-
responding ECL signal rose significantly and reached 16459 a.u.
(Fig. 5B d). These results indicated that TPrA acted as a co-reactant
to enhance the ECL signal of Py-POP, and the possible ECL mecha-
nism was as follows.

Py — POP — e~ — Py — POP* (1)



Y.-]. Zhang, Y. Yang, J.-M. Wang et al.

Analytica Chimica Acta 1206 (2022) 339648

>

16.0k

—
el
s
~

8.0k

4.0k

ECL intensity / a.u.

0.0

JL

=

300

[
—3
=]

Current / pA
2

Time

04 06

0:8 l:0
Potential / V

1.2

14 16

Fig. 4. (A) ECL intensities, (B) Current signals of Py-POP/GCE (0.5 mg/mL, 10 pL, red curve) and TFPPy aggregates/GCE (0.5 mg/mL, 10 uL, blue curve) in 2 mL PBS (0.1 M, pH 7.4)
containing 10 pL of TPrA. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

e

) w
=3 3
=] =3

Current / pA
2

—d

—c
b
a

ot
04 06 08 1.0 12 14 16
Potential / V

1.8

B 120 d
15.0k | c
= &
- Z.80
= ‘z
2100k} 5 b
- S
Z =
) 2
N 4
£ 50kf o 2
.J 0:4 0.6 0.8 ljﬂ liZ 14 16
Q Potential / V
= oot )
04 06 08 1.0 1.2 1.4 1.6
Potential / V

Fig. 5. (A) CV and (B) ECL curves of different modified electrodes: (a) bare GCE and (c) Py-POP/GCE (0.5 mg/mL, 10 pL) in 2 mL PBS (0.1 M, pH 7.4), (b) bare GCE and (d) Py-POP/GCE
(0.5 mg/mL, 10 pL) in 2 mL PBS (0.1 M, pH 7.4) containing 10 pL TPrA.

Aokl B 2ok}
s : 9.0k|
s =
& 90k} 2
> A=
= o3| £ 6.0k
= z|'@
o 6.0k| sk Z| S
£ Wi 2
: ) 5 £ 3.0k}
o AR =
= 3.0kf %/.r] > 2 el ® Lm)
’ : : . A 0.0 — . : \ .
1 2 3 4 5 0.5 1.0 15 2.0 25
Time/h Time / h

Fig. 6. Optimization of the experimental conditions (cmirna-155 = 10 pM): (A) the SDA reaction time, (B) the incubation time of output S2 modified on the S1-Fc/HT/CP/AuNPs/Py-

POP/GCE.

>

—
wn
—
=

10.0k

5.0k

ECL intensity / a.u.

e
>

v | B isokf
i 100pM 1=9092.1+2041.1 1gc
. R =0.9987
10pM =
N 10.0k
F 1pM et ol B
£
100/M .
10fM &
- E 5.0kf
1™ o
| L J=
I ud JJJ
0.0 L— L L . A . L
a b ¢ d e f g -3 -2 -1 0 1 2 3
Time Ig[c/(pM)]

Fig. 7. (A) ECL responses towards different miRNA-155 concentrations. (B) Linear correlation plot for miRNA-155 detection.

5



Y.-]. Zhang, Y. Yang, J.-M. Wang et al.

Table 1
Comparison of Different Methods for miRNA-155 Detection.

Method Linear range LOD Ref.

Electrochemistry 10 fM — 10 nM 10 fM [29]

Fluorescence 156 fM — 5 nM 133 fM [30]

Fluorescence 0.1 nM — 200 nM 100 pM [31]

Fluorescence 5pM - 10nM 2.2 pM [32]

ECL 10 fM — 10 nM 2.7 tM [33]

ECL 1pM — 10 uM 0.67 pM [34]

ECL 10 fM — 100 nM 5.7 fM [35]

ECL 1fM—1nM 0.326 fM This work
TPrA — e~ — TPrA'" (2)
TPrA™* — TPrA® + H* (3)
Py — POP* + TPrA" — Py — POP" + products (4)
Py — POP" — Py — POP + hv (5)

3.5. Optimization of the experimental conditions

SDA reaction time was optimized to acquire the optimum
properties of the as-prepared ECL sensor. As the increase of SDA
reaction time, the ECL signal progressively enhanced and tended to
be a platform at 4 h (Fig. 6A). Hence, 4 h was chosen for the SDA
reaction time. In addition, the incubation time of output S2 modi-
fied on S1-Fc/HT/CP/AuNPs/Py-POP/GCE was also optimized. The
ECL intensity (Fig. 6B) enhanced continuously with the incubation
time and became stabilized at 2 h, so 2 h was the optimal incuba-
tion time of output S2 modified on the electrode.

Analytica Chimica Acta 1206 (2022) 339648
3.6. Detection of miRNA-155 with the ECL sensor

The sensitivity of the developed ECL sensor was assessed via
detecting miRNA-155 of various concentrations. The ECL intensity
(Fig. 7A) was enhanced with the increasing miRNA-155 concen-
trations (1 fM-1 nM). Moreover, it was found from Fig. 7A that the
ECL signals (I) linearly increased with the logarithm of miRNA-155
concentrations (c). And the relative linear regression equation was
I = 90921 + 2041.1 lg[c/(pM)] with a correlation coefficient of
0.9987 and a detection limit of 0.326 fM (calculation was shown in
$10). Additionally, in comparison with some previous methods
(Table 1), the proposed ECL sensor had a lower detection limit.

3.7. Stability, selectivity, and reproducibility of the ECL sensor

Stability, reproducibility, and selectivity were vital factors to
assess the practicability of the ECL sensor. As shown in Fig. 8A, the
ECL biosensor displayed steady signals during a continuous scan of
24 cycles (100 fM miRNA-155) with relative standard deviations
(RSD) of 2.60%, proving the well stability of the ECL biosensor.
Moreover, to investigate the selectivity of the ECL biosensor,
miRNA-21 (100 pM), miRNA-141 (100 pM), thrombin aptamer
(TBA, 100 pM) and miRNA-199a (100 pM) were employed as in-
terferences. As observed in Fig. 8B, the ECL responses of these in-
terferences were similar to the blank sample. Furthermore, the ECL
response of the mixture (10 pM miRNA-155, 100 pM miRNA-21, 100
pM miRNA-141, 100 pM miRNA-199a and 100 pM TBA) was
approximately the same as that of target miRNA-155 (10 pM). These
results indicated that the fabricated biosensor exhibited distin-
guished selectivity for detecting miRNA-155. In addition, the
reproducibility was evaluated by testing inter-assays of five elec-
trodes at 100 fM miRNA-155, and the RSD value was 2.67% (Fig. 8C),
which illustrated the constructed ECL biosensor had acceptable
reproducibility.
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Fig. 8. (A) Stability of the constructed biosensor. (B) Selectivity of the biosensor for various targets. (C) Reproducibility of the fabricated biosensor. (D) ECL analysis of the biosensor

for miRNA-155 in MCF-7 and Hela cells.
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3.8. Application

The lysates of HeLa and MCF-7 cells were employed to examine
the preliminary practicability of the sensing platform in real sam-
ples. The ECL responses (Fig. 8D) were enhanced with the
increasing cell numbers from 0 to 10°, while the ECL response of
MCF-7 enhanced more obviously than that of HeLa. Such results
revealed that the expression of miRNA-155 in HeLa was lower than
that in MCF-7, which agreed with the previous reports [36,37].
Therefore, the fabricated ECL biosensor was preliminarily practi-
cable to detect miRNA-155 in cancer cells.

4. Conclusions

In summary, in order to surmount the ACQ effect for ECL
enhancement, we have rationally designed and synthesized an ECL-
active Py-POP by condensation of TFPPy with TAPM, which isolated
ACQphores (pyrene cores) with each other, reduced the non-
radiative decay via restricting the intramolecular motions of TPPy
and TPM, and shortened electron transfer path between TPrA cor-
eactants and pyrene luminophores through enrichment of lipo-
philic TPrA in the pores. As a result, the ECL efficiency and intensity
of the Py-POP were about 1.5 times and 3.1 times those of TFPPy
aggregates, respectively. By employing the Py-POP as a high-
efficiency ECL tag, the constructed ECL sensor successfully ach-
ieved the sensitive detection of miRNA-155. In brief, this work
provided an efficient strategy to enhance ECL emission by solving
the ACQ problem, which provided a novel idea to devise highly
efficient POP-based ECL emitters, thereby opening a new chapter to
exploit new kinds of ECL materials for constructing ultrasensitive
ECL sensors.
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