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ABSTRACT: Polymer dots (Pdots) as electrochemiluminescence
(ECL) emitters have drawn intensive attention for expanding the
application of ECL analytical technology. Here we used a donor−
acceptor polymer with thermally activated delayed fluorescence
(TADF) property as a precursor to design and synthesize a kind of
highly efficient Pdots with desirable annihilation and co-reactant
ECL behaviors. The TADF Pdots possessed a highly stable
negative-charged state in the ECL process, and their ECL emission
followed the “S-route”, thus achieving theoretically 100% excitons
harvesting for radiative decay. With S2O8

2− or tripropylamine as
the co-reactant, the TADF Pdots exhibited intensive bandgap ECL emission and possessed ultrahigh ECL efficiency, which were
superior to conventional fluorescent Pdots due to the TADF property and the shielding of oxygen quenching effect toward triplet
excitons. By combining the stable cathodic ECL property of TADF Pdots with rolling circle amplification reaction, a sensitive ECL
biosensor was designed for DNA methylation detection with RASSF1A gene fragment as a target model, which showed detection
limits down to the fM level and realized the localization of the methylation site on target DNA based on steric hindrance effect. This
work revealed the great potential of TADF emitters in ECL efficiency elevation and offered a new idea for the development of
detection kits to quantitatively detect gene methylation.

■ INTRODUCTION
Electrochemiluminescence (ECL) integrates the high sensi-
tivity of chemiluminescence method with the temporal and
spatial controllability of electrochemistry and has been evolved
into a powerful analytical technology applied in clinical
diagnosis.1 As an attractive class of ECL emitters, polymer
dots (Pdots) have mushroomed in ECL analysis due to their
bright luminescence, excellent photostability, and biocompat-
ibility.2−7 To improve the ECL efficiency (ΦECL), our previous
works designed several ECL signal amplification strategies such
as electron-withdrawing group enhancement,8 resonance
energy transfer,9 dual intramolecular resonance energy trans-
fer,10 aggregation induced emission,11 and dual intramolecular
electron transfer4 by using cyanovinylene-contained PPV
Pdots,8 Ru(bpy)32+ doped PFO Pdots,9 D1−A1/D2−A2
triple-component Pdots,10 AIE-active TPE modified D−A
type Pdots,11 and co-reactant-embedded Pdots,4 respectively.
However, the ΦECL elevation of the fluorescent Pdots is
generally limited by theoretical restriction caused by spin
statistics. Specifically, after the fluorescent Pdots are excited
electrochemically, only the singlet (S1) excitons (accounts for
one-fourth of the total exciton number) can be radiatively
decayed to generate ECL, while the remaining triplet (T1)
excitons are forbidden to transit from T1 to ground state and
fail to generate ECL. Thus, even though the photo-

luminescence quantum yields (ΦPL) of some fluorescent
Pdots are high enough, their ΦECL are still limited due to
their intrinsic fluorescent properties.
To break through such a bottleneck imposed by spin

statistics, this work used a thermally activated delayed
fluorescence (TADF) polymer as a precursor to prepare a
new kind of Pdots and realized theoretically 100% excitons
harvesting for radiative decay. TADF is a phenomenon that
occurs when the energy gap between S1 and T1 (ΔEST) is
sufficiently small (ca. 0.1 eV)12 and can achieve a high
luminescent efficiency via rapid reverse intersystem crossing
(RISC) of T1 excitons to S1 excitons to generated delayed
fluorescence (DF) along with prompt fluorescence (PF).13−15

This phenomenon has been used for the development of
organic light-emitting diodes16,17 and observed from the ECL
emissions of four kinds of TADF molecules in organic
media.13,18,19 By encapsulating one of these TADF molecules
in an amphiphilic shielding polymer, DSPE-PEG2000, Niu et
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al. recently achieved the ECL emission of TADF emitters in
aqueous media.20 However, the ΦECL of such emitters was as
low as 0.7% vs Ru(bpy)32+ with the same TPrA co-reactant due
to the aggregation caused quenching. More recently, the same
group prepared PAPTC Pdots to achieve aqueous TADF-
ECL,21 which showed an ΦECL of 11.7% vs Ru(bpy)32+ with
C2O4

2− as co-reactant and were thus used for the design of
biosensing strategy with target dopamine quenching mecha-
nism.
Herein, by employing ploy(TMTPA-DCB)22 with excellent

TADF property as the precursor, the TADF Pdots with high
ΦECL were prepared via nanoprecipitation method (Scheme
1A). Both the annihilation and co-reactant ECL mechanisms of

the TADF Pdots demonstrated their stable negative-charged
state. By combining the stable cathodic ECL property of the
proposed TADF Pdots with rolling circle amplification (RCA)
reaction, a sensitive ECL biosensor was designed for
methylation detection using the Ras-Association Domain
Family 1A (RASSF1A) gene fragment as the target model
(Scheme 1B). The DNA methylation of RASSF1A promoter is
a frequent event in tumorigenesis especially the nasophar-
yngeal carcinoma, thus being recognized as a reliable
biomarker in cancer diagnosis.23,24 The methylation detection
was achieved by using the DNA-functionalized TADF Pdots
(Pdots-DNA) to recognize the RCA product of biotinylated
oligonucleotide in situ formed on the biosensor surface, which
was captured on the surface through the affinity recognition of
streptavidin (SA) to biotinylated anti-5mC antibody/methyl-
cytosine (mC) complex. The proposed ECL biosensor
exhibited outstanding performance toward methylation
detection with low detection limit and high specificity,
providing new insights into the development of detection
kits for quantitative detection of gene methylation.

■ EXPERIMENTAL SECTION
Materials, Reagents, and Apparatus. The detailed

information is described in the Supporting Information (SI).

Preparation of TADF Pdots and Pdots-DNA. The
TADF Pdots were prepared through nanoprecipitation using
poly(TMTPA-DCB) as the luminescent-conjugated polymer
and poly(styrene-co-maleic anhydride) (PSMA) as the
carboxyl-functionalized copolymer.25 Briefly, 2.5 mL of
tetrahydrofuran (THF) solution of 50 μg·mL−1 poly-
(TMTPA-DCB) and 10 μg·mL−1 PSMA was ultrasonically
degassed for 20 min; then the solution was quickly injected
into 10 mL of water and sonicated (120 W, 37 Hz) for 1 min.
Afterward, the solvent THF was removed by rotary
evaporation under vacuum followed by filtration through a
0.22 μm poly(ether sulfones) syringe filter to get TADF Pdots
dispersion (50 μg·mL−1). As control, PFBT Pdots were
prepared with a similar procedure.
To prepare Pdots-DNA, 6 μL of HEPES buffer (1 M) and 6

μL of PEG (5% w/v) were added to 300 μL of Pdots
dispersion, and the pH was adjusted to 7.1 by adding NaOH
(0.1 M). Then, 10 μL of 1-(3-(dimethylamino)propyl)-3-
ethylcarbodiimide hydrochloride (EDC, 10 mg·mL−1) and 10
μL of DNA-NH2 (100 μM) were added into the mixture and
vibrated for 12 h at room temperature. To remove free DNA-
NH2, the Pdots-DNA were separated by ultrafitration for 3
times with 0.5 wt % triton X-100 in phosphate buffer saline
(PBS, 0.1 M).

Preparation of Circular DNA Template. The circular
DNA template was synthesized according to previous work26

with some modifications. A 5 μL aliquot of linear DNA (100
μM), 10 μL of ligation DNA (100 μM), and 10 μL of ultrapure
water were mixed and annealed at 95 °C for 5 min. After
cooling to room temperature, 3 μL of T4 buffer (10×) and 2
μL of T4 DNA ligase (400 U μL−1) were added to incubate at
16 °C overnight. The T4 DNA ligase was inactivated by
incubation at 65 °C for 10 min. To form a circular DNA
template, 5 μL of Exo I buffer (10×), 5 μL of Exo III buffer
(10×), 4 μL of Exo I (20 U μL−1), and 4 μL of Exo III (100 U
μL−1) were mixed with the above solution to react at 37 °C for
2 h. Finally, the mixture was incubated at 85 °C for 15 min to
inactivate Exo I and Exo III.

Fabrication of ECL Biosensor. The glassy carbon
electrode (GCE, diameter of 5 mm) was polished with 0.05
μm of alumina slurry and sonicated in ethanol and distilled
water for 5 min sequentially. The cleaned electrode was
electrodeposited with a layer of 4-aminobenzoic acid (ABA)
according to the literature,27 followed by modifying with 20 μL
of pH 6.0 PBS containing 400 mM EDC and 100 mM N-
hydroxysuccinimide (NHS) to activate the carboxyl group of
ABA for 30 min. Then, 20 μL of capture DNA (3 μM) was
covalently bound to the electrode surface by incubating at 4 °C
for 10 h. The nonspecific active sites were blocked with 20 μL
of bovine serum albumin (BSA, 0.25 wt %) for 40 min.

ECL Detection of DNA Methylation. After 20 μL of
target DNA solution or sample with different concentrations
was cast on the biosensor to hybridize with capture DNA at 37
°C for 40 min, 20 μL of bio-Ab (10 μg·mL−1) was added to
recognize the methylation site of target DNA for 1 h. Then, 20
μL of SA (10 μg·mL−1) containing 0.2 wt % BSA and 100 μg·
mL−1 salmon sperm DNA was introduced onto the electrode
to bind the captured bio-Ab for 30 min. The bound SA was
further incubated with 20 μL of biotinylated primer DNA (2
μM) at 37 °C for 30 min to perform the RCA reaction at 37
°C for 50 min by adding 20 μL of 10 mM pH 7.4 PBS
containing 0.5 U·μL−1 phi 29 DNA polymerase, 200 μM
dNTPs, 100 μg·mL−1 recombination protein, and 2 μM

Scheme 1. Schematic Diagram of (A) Preparation of Pdots-
DNA, (B) Fabrication of ECL Biosensor for DNA
Methylation, (C) Annihilation and Co-reactant ECL
Mechanisms for TADF Pdots, and (D) Comparison of FL-
ECL and TADF-ECL Systems
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circular DNA template. After the RCA reaction was terminated
by washing the electrode with 10 mM pH 7.4 PBS containing
0.05% Tween 20 (PBST), 20 μL Pdots-DNA probes were
incubated on the electrode at 37 °C for 1 h to measure the
ECL signal. To be noted, after each modification step, the
electrode was rinsed carefully with PBST to eliminate unbound
substances.

■ RESULTS AND DISCUSSION
Characterization of TADF Polymer and Pdots. The

ploy(TMTPA-DCB) consists of triphenylamine (TPA) with
two methyl groups on each side of TPA as electron donor and
dicyanobenzene (DCB) as electron donor and is an almost
perpendicular donor−acceptor configuration owing to the
steric hindrance effect of methyl groups, enabling the effective
separation between electron and hole.22 It possesses excellent
TADF property with a low ΔEST (0.0848 eV) and a long
delayed fluorescence lifetime (2.29 μs).22 The TADF Pdots
prepared through the nanoprecipitation of poly(TMTPA-
DCB) and PSMA exhibited spherical, monodisperse, and
uniform-sized characters with an average particle size of about
10 nm (Figure 1A,B). The hydrodynamic diameter was

between 7.4 nm and 13.0 nm with an average diameter of
10.2 nm (Figure 1C). Both poly(TMTPA-DCB) and the
TADF Pdots exhibited a strong UV−vis absorption at 305 nm
and a weak absorption at around 400 nm in different solvents
(Figure 1D), which were attributed to π−π* transition of the
entire conjugated backbone and charge transfer (CT) from
TPA to DCB, respectively.28 The FL emission peak of
poly(TMTPA-DCB) shifted from 500 to 542 nm, and the
full width at half-maximum became wider with the increasing
solvent polarity from methylbenzene (MB) to N,N-dimethyl-
formamide (DMF) (Figure 1E) due to the CT property of D−
A type polymer.29 Meanwhile, the FL emission peak of TADF
Pdots was located at 517 nm (Figure 1E, curve d), which was
similar to that of poly(TMTPA-DCB) in THF (Figure 1E,
curve b), demonstrating that the preparation process of Pdots
exerted little influence on the FL properties of poly(TMTPA-
DCB). Upon UV irradiation at 365 nm, the TADF Pdots
emitted bright yellow-green light, while they were faint yellow
under daylight (Figure 1F), revealing the potential of
employing TADF Pdots as ECL probes.

Annihilation ECL Behaviors of TADF Pdots. The cyclic
voltammograms (CV) of Pdots/GCE showed an irreversible
oxidation peak at around +0.95 V and a reduction peak at
around −1.72 V no matter the potential scanning direction
(Figure 2A), which were related to the oxidation of TPA and

the reduction of DCB, respectively.22 However, when the CV
scanning started with the cathodic direction, the reduction
peak current became significantly greater (Figure 2A, curve b),
indicating the production of more Pdots•−. As the potential
was scanned from 0 to +1.5 and then to −2.0 V, an intense
annihilation ECL peak occurred at +1.1 V along with a rather
weak ECL peak at −2.0 V (Figure 2B, curve a). Contrarily,
when the potential was scanned from 0 to −2.0 and then to
+1.5 V, the ECL curve showed both strong cathodic and
anodic responses (Figure 2B, curve b), demonstrating the
excellent stability of Pdots•‑.
ECL transient technology was employed to further examine

the stability of radical intermediates of the Pdots. When the
initial stepping potential of +1.5 V was applied, followed by
stepping to −2.0 V, a relative strong ECL emission at +1.5 V
was observed in the first pulse cycle, and the ECL intensity
decreased dramatically in the next cycles (Figure 2C).
However, when the potential of −2.0 V was applied first, the
intense ECL response was not observed until the potential was
switched to +1.5 V for 1 s; meanwhile, the ECL intensity
decreased slowly in the subsequent pulse cycles (Figure 2D),
which meant that the Pdots•− produced first were stable
enough to react with the following generated Pdots•+ for
annihilation ECL emission, confirming that the reduced states
of Pdots were more stable.30,31

Coreactant ECL Behaviors of TADF Pdots. Tripropyl-
amine (TPrA) and K2S2O8 were chosen as the co-reactants to
study the co-reactant ECL behaviors of TADF Pdots,
respectively. During the anodic process, TPrA could be
oxidized to TPrA•+ (eq 1) with onset potential at +0.60 V
and a peak at +0.98 V, which did not produce any ECL
emission (Figure 3A,B, curves a). The Pdots/GCE showed an
obvious oxidation current of Pdots (eq 2) with onset potential
at about +0.90 V, and a very weak ECL signal in the absence of
TPrA (Figure 3A,B, curves b) due to the presence of trace

Figure 1. (A) TEM and (B) AFM images and (C) DLS
characterization of TADF Pdots. (D) UV−vis absorbance and (E)
FL spectra of TADF polymer in (a) MB, (b) THF, (c) DMF, and (d)
TADF Pdots in water at λex of 365 nm. (F) Photograph of TADF
Pdots dispersions under daylight (left) and 365 nm irradation (right).

Figure 2. (A) CV and (B) ECL curves of Pdots/GCE in nitrogen-
saturated 0.1 M pH 7.4 PBS (a) from 0 to +1.5 and then −2.0 V and
(b) from 0 to −2.0 and then +1.5 V. (C, D) ECL transients of Pdots/
GCE in nitrogen-saturated 0.1 M pH 7.4 PBS upon steps (C) from
+1.5 to −2.0 V and (D) from −2.0 to +1.5 V.
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OH− in PBS to serve as electron donor of produced Pdots•+.8

In the presence of TPrA, the Pdots/GCE showed the oxidation
peaks of both TPrA and Pdots (Figure 3A, curve c), and the
electro-oxidation product of TPrA, TPrA•+ radical, was then
deprotonated to generate TPrA• (eq 1), which injected an
electron to Pdots•+ to produce both excited singlet Pdots
(1Pdots*) and excited triplet Pdots (3Pdots*) (eq 3), leading
to strong ECL emission peak at +1.19 V (Figure 3B, curve c;
Scheme 1C; eqs 4−6). Compared with Pdots/GCE, the
polymer/GCE showed 85 times lower ECL emission at the
same concentration of TPrA (Figure 3B, curves c,d), which
could partially be attributed to less TPrA•+ formed at polymer/
GCE due to the presence of a more hydrophobic polymer,
which decreased the oxidation peak current of TPrA by 6 times
(Figure 3A, curves c,d). More importantly, the elevated ECL
emission resulted from the formation of TADF Pdots, which
improved the ECL response of TADF polymer.

+•+ • +TPrA e TPrA TPrA H (1)

•+Pdots e Pdots (2)

+ * + *

+

•+ •Pdots TPrA Pdots ( 25%) Pdots ( 75%)

TPrA

1 3

(3)

* + hvPdots ( 25%) Pdots1 (4)

* + *Pdots ( 75%) Pdots ( 75%)3 1 (5)

* + hvPdots ( 75%) Pdots1 (6)

In the cathodic process, K2S2O8 showed a reduction peak
around −1.06 V and a weak ECL emission at GCE due to the
formation of SO4

•− (Figure 3C,D, curves a; eq 7), while the
Pdots/GCE showed a weak reduction wave and negligible
ECL emission (Figure 3C,D, curves b), revealing that Pdots
could be reduced electrochemically to Pdots•− (eq 8). At the
electrode surface, the formed Pdots•− could be oxidized by the
produced SO4

•− to generate the excited 1Pdots* and 3Pdots*
(eq 9), leading to a strong ECL emission (Figure 3D, curve c;
Scheme 1C; eqs 4−6). The overlap of the reduction waves of
S2O8

2− with Pdots and the following chemical reaction resulted
in the enhanced cathodic peak at −1.42 V (Figure 3C, curve
c). Similarly, the more hydrophobic polymer modified GCE
showed 24-fold lower cathodic ECL emission compared to
Pdots/GCE due to the less formed SO4

•− and the formation of
TADF Pdots (Figure 3C,D, curves d).

+ +•S O e SO SO2 8
2

4 4
2

(7)

+ •Pdots e Pdots (8)

+ * + *

+

• •Pdots SO Pdots ( 25%) Pdots ( 75%)

SO
4

1 3

4
2

(9)

ECL-Route and Efficiency of TADF Pdots. The anodic
and cathodic ECL spectra of TADF Pdots both displayed the
emission peaks at 520 nm, which were close to their FL
emission peak at 517 nm (Supporting Information Figure
S1A), demonstrating the same excited species in both ECL and
FL process of TADF Pdots. The nonaqueous phase CV of
Pdots/GCE was carried out to evaluate the energy level of
TADF Pdots with ferrocene (Fc) as the reference (Figure
S1B), and the relevant data were summarized in Table 1. The
energy gap (Eg) was calculated to be 2.39 eV,11 which was
close to the optical bandgap (Es) of 2.40 eV,

8 indicating the
semiconductor character of the TADF Pdots.30 The enthalpy
(−ΔH) was greater than the Es, indicating that the energy
generated from electrochemical excitation was sufficient to
populate the excited singlet and triplet states.18 Therefore, the
ECL emission of the TADF Pdots followed the “S-route”,32,33

which meant that the excitons at the T1 state could be up-
converted to the S1 state via thermal activation, thus realizing
theoretically 100% excitons harvesting for radiative decay in
this ECL system (Scheme 1D).
The ECL efficiencies of TADF Pdots and PFBT Pdots were

compared using 1 mM Ru(bpy)32+−10 mM TPrA or 0.1 M
K2S2O8 as the standard (Figure S2).

4 The relevant data were
listed in Table S1. The anodic and cathodic ECL efficiencies of
the TADF Pdots were 4.06 and 4.27 times higher than that of
PFBT Pdots, respectively (Table 2).
Although the ECL efficiency of TADF Pdots was less than

that of Ru(bpy)32+ (which essentially belongs to phosphor-
escent luminophore), it was greatly superior to those of
traditional FL Pdots (Table S2) owing to the harvest of triplet
excitons for radiative decay (Scheme 1D). It is noteworthy that
the cathodic ECL detection possessed better operation stability

Figure 3. (A) CV and (B) ECL curves of (a) 10 mM TPrA at GCE,
(b, c) Pdots/GCE in the absence (b) and presence (c) of 10 mM
TPrA, and (d) polymer/GCE in 0.1 M pH 7.4 PBS containing 10
mM TPrA. (C) CV and (D) ECL curves of (a) 0.1 M K2S2O8 at
GCE, (b, c) Pdots/GCE in the absence (b) and presence (c) of 0.1 M
K2S2O8, and (d) polymer/GCE in 0.1 M pH 7.4 PBS containing 0.1
M K2S2O8.

Table 1. Summary of Key Physical Properties of TADF Pdots

λPL λECL Eoxonset Eredonset Eox Ered HOMOa LUMOa Eg
b Es

c −ΔHd

517 nm 520 nm +0.99 V −1.16 V +1.21 V −1.61 V −5.48 eV −3.09 eV 2.39 eV 2.40 eV 2.72 eV

aFerrocene was used as the internal reference, and its Eox
onset = +0.31 V, Ered

onset = +0.55 V. EHOMO = -(Eox
onset-0.31 + 4.8) eV, ELUMO = -(Ered

onset-
0.55+4.8) eV.11 bEg=ELUMO- EHOMO.

11 cEs = 1239.81/λPL.
8 d-ΔH = Eox - Ered - 0.1 (eV).

18
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than the anodic ECL measurements (Figure S3) perhaps due
to the irreversible oxidation25 and the worse stability of
Pdots•+ than Pdots•−.30 Thus, the TADF Pdots-K2S2O8
cathodic ECL system was applied in the subsequent ECL
bioassay, though the anodic ECL efficiency was higher than the
cathodic one. The theoretical maximum ECL efficiency
(ΦECL

max) of TADF Pdots was 6.27-fold higher than that of
PFBT Pdots (Table 2),34 further proved that the TADF
mechanism was beneficial to enhancing the ECL efficiency of
Pdots. The ΦPL of TADF Pdots was close to that of 72% for
poly(TMTPA-DCB) neat film,22 but the ΦPL of poly(TMTPA-
DCB) in air-saturated THF was merely 29.9%, revealing that
the nanoprecipitation of TADF polymer into Pdots could
avoid the oxygen quenching effect toward triplet excitons, thus
enhancing the PL and ECL emission.

Construction of ECL Biosensor and Condition
Optimization for DNA Methylation Detection. To verify
the application of the TADF Pdots in ECL biosensing, Pdots-
DNA were prepared to recognize the RCA product that was
formed on the surface of biosensor after target DNA was
captured and the methylation sites on target DNA were
immunologically recognized (Scheme 1B). The RCA reaction
was first demonstrated with electrophoretic analyses. The
circular template formed using the linear DNA with the help of
ligation DNA and T4 DNA ligase could hybridize with the
primer DNA (Figure S4A) to trigger the RCA reaction in the
presence of phi 29 DNA polymerase to produce a long DNA
strand with repeated DNA sequences (Figure S4B). The
Pdots-DNA was characterized with UV−vis absorption spectra
and ζ-potential analysis (Figure 4A,B), which exhibited both
the absorption peaks of Pdots and the typical absorption of
DNA around 260 nm, and the remarkable drop of ζ-potential.
After Pdots-DNA were formed, the absorption peak of DNA
blue-shifted slightly due to the absorption overlap of Pdots and
DNA.
Electrochemical impedance spectroscopy (EIS) was em-

ployed to examine the fabrication and detection procedures of
this biosensor. To bind covalently the capture DNA to the
electrode, the surface was electrodeposited with a layer of
ABA,27 which caused a great rise in electron-transfer resistance
Ret (Figure 4C, curve b). Upon the successive assembly of
capture DNA, BSA, and target DNA on the electrode, the Ret
further increased (Figure 4C, curves c−e). The immuno-
recognition of bio-Ab to the methylation sites on target DNA
and the following RCA reaction led to successive increases in
Ret (Figure 4C, curves f−i). Finally, the binding of numerous
Pdots-DNA to the formed long chain DNA made the Ret reach
its maximum (Figure 4C, curve j), reflecting the successful
construction of the biosensor for DNA methylation detection.
The ECL responses of the biosensor were further examined
under different conditions. In the absence of target DNA, the
following addition of Pdots-DNA failed to generate the ECL

emission (Figure 4D, curve a), probably due to the excellent
inhibition effects of BSA and salmon sperm DNA toward
nonspecific adsorption.26 In the presence of target DNA, the
successive assembly resulted in a strong ECL signal, while the
background was negligible (Figure 4D, curves b and d),
demonstrating the feasibility of this ECL sensor for DNA
methylation detection. Moreover, dissolved oxygen exerted
negligible influence on the ECL intensity (Figure 4D, curve c).
Thus, the detection could be performed without additional
deaeration.
To optimize the experimental conditions of the ECL

biosensor for DNA methylation detection, the effects of pH
of detection solution and concentration of co-reactant on the
ECL intensity of TADF Pdots/GCE were first investigated.
The TADF Pdots/GCE exhibited the strongest ECL response
at pH 7.4 (Figure S5A) in the presence of 0.1 M K2S2O8
(Figure S5B). The amount of capture DNA immobilized on
the electrode was an essential factor to influence its
hybridization with target DNA and the following immuno-
recognition and RCA reaction; hence, the concentration of
capture DNA used for biosensor fabrication was optimized. At
10 nM of middle-1 × 5 mC target DNA, the ECL intensity
increased with the increasing capture DNA concentration and
reached a plateau at 3 μM (Figure S5C); thus 3 μM capture
DNA was employed in the following biosensor fabrication. The
hybridization time of capture DNA with target DNA could
affect the amount of target DNA captured by the biosensor and
the hybridization time was optimized to be 40 min (Figure
S5D). The concentration of phi 29 polymerase and the time
for RCA reaction were optimized to be 0.5 unit·μL−1 and 50
min, respectively (Figure S5E,F).

ECL Biosensing Performance for DNA Methylation
Detection. Considering that the cytosines at different sites of
DNA can be methylated, three target DNA strands with

Table 2. ECL and PL Efficiencies of TADF Pdots and PFBT
Pdots

sample ΦECL
nodica ΦECL

cathodic ΦPL ΦECL
maxa

TADF Pdots 49.9% 23.5% 73.7% 73.7%
PFBT Pdots 12.3% 5.5% 47.0% 11.75%

aΦECL
max = ΦPL × η,34 in which η is the utilization ratio of excitons.

For traditional FL Pdots such as PFBT Pdots, η is equal to 25%
because only the singlet excitons can be utilized, while the η value of
TADF Pdots can reach 100%.

Figure 4. (A) UV−vis spectra of (a) TADF Pdots, (b) DNA-NH2,
and (c) TADF Pdots-DNA. (B) ζ-potential analysis of (a) TADF
Pdots and (b) TADF Pdots-DNA. (C) EIS of (a) bare GCE and GCE
assembled successively with (b) ABA, (c) capture DNA, (d) BSA, (e)
target DNA, (f) bio-Ab, (g) SA, and (h) primer DNA, (i) after RCA
reaction and (j) (i) after capture of TADF Pdots-DNA. (D) ECL
intensity of biosensor for (a) blank and (b−d) 1 nM middle-1 × 5
mC target DNA detection in the absence (b) and presence (a, c, d) of
TADF Pdots-DNA in (a, b, d) air-saturated and (c) N2-saturated 0.1
M pH 7.4 PBS containing 0.1 M K2S2O8.
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different methylation sites were designed and named as
bottom-, middle-, and top-1 × 5 mC target DNA (Table
S3). Under optimal conditions, the ECL intensity increased
with the increasing target DNA concentration (Figure 5A−C),
and the plots of ECL intensity vs the logarithm of target DNA
concentration (nM) exhibited good linearity in the concen-
tration ranges of 1 pM to 50 nM, 1 pM to 100 nM, and 0.1 pM
to 100 nM with linear equations of I = 911.0 log c + 4268 (R2

= 0.9920), I = 1237 log c + 6048 (R2 = 0.9973), and I = 1402
log c + 6853 (R2 = 0.9982), and limits of detection (LODs) of
650, 300, and 60 fM at a signal-to-noise ratio of 3 for the
bottom-, middle-, and top-1 × 5 mC target DNA, respectively
(Figure 5D−F). The steric hindrance induced by the
methylated cytosine showed obvious effect on the biosensing
performance (Figure 5G), and the methylation site located at
the bottom of target DNA (the hybridization zone) led to the
worst sensitivity. Interestingly, the ECL response of the
biosensor could be employed to distinguish bottom-, middle-,
and top-1 × 5 mC target DNA (Figure S6). Taking the ECL
biosensor for top-1 × 5 mC target DNA detection as an
example, its detection performance was comparable and even
superior to other methods (Table S4) due to the specific
immunorecognition and effective signal amplification.
Using the middle-1 × 5 mC target DNA as the target model,

the biosensor showed superb operation stability under
continuous cyclic scanning and acceptable storage stability as
the ECL intensity still remained 81.5% of its initial value after
storage for 4 weeks (Figure S7A,B). The specificity of the
biosensor was evaluated via using the same target DNA
without methylation site (0 × 5 mC target DNA) and other
DNA strands with 7 methylation sites (7 × 5mC PCDHGB7)
as the interferents. The results showed that the biosensor
possessed high specificity toward the middle-1 × 5 mC target

DNA (Figure S7C). Meanwhile, the biosensor exhibited
excellent reproducibility as the relative standard deviations
(RSDs) for both intra- and interassay were within 3.0% (Figure
S7D).

Real Sample Analysis. Recovery experiments were
conducted to test the accuracy of the biosensor for DNA
methylation detection via adding 0.05 M, 0.5 M, 5.0 M, and 50
nM of middle-1 × 5 mC target DNA into human serum
samples. The recoveries were calculated to be 84.0%, 88.0%,
102%, and 90.4% with RSDs of 3.9%, 2.7%, 2.3%, and 4.1%,
respectively (Table S5), revealing the acceptable reliability of
this protocol for DNA methylation detection and good
specificity of the biosensor even in complex matrix. Compared
with the commercial RASSF1A gene methylation detection kit
which could only provide qualitative information, the proposed
biosensor could quantitatively detect the methylation of
RASSF1A gene in a bisulfite-treatment-free and PCR-free
manner, and thus might be useful in judgment of tumor
subclassification, prognosis, and prediction of treatment effect.
However, the proposed biosensor could only detect the
methylation of target DNA with specific DNA sequence, which
might limit its application in real sample analysis.

■ CONCLUSION
A donor−acceptor type polymer containing triphenylamine
and dicyanobenzene has been used as the luminescent
precursor to prepare highly efficient Pdots with TADF
property. The TADF Pdots show excellent annihilation and
co-reactant ECL behaviors, which demonstrate the stable
negative-charged state and can harvest theoretically 100%
excitons for ECL emission following the “S-route”. Due to the
TADF property and the shielding of oxygen quenching effect
toward triplet excitons, the TADF Pdots exhibit ultrahigh ECL

Figure 5. (A−C) ECL−time curves and (D−F) calibration curves of the biosensor for detection of (A, D) bottom-, (B, E) middle-, and (C, F) top-
1 × 5 mC target DNA at different concentrations (n = 3). (G) Schematic diagram of the biosensor for detection of (a) bottom-, (b) middle-, and
(c) top-1 × 5 mC target DNA.
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efficiency in the presence of co-reactants, which is superior to
conventional fluorescent Pdots. Taking the advantages of the
stable cathodic ECL emission, a sensitive ECL biosensing
strategy for DNA methylation detection has been designed
using the TADF Pdots-DNA as nanoprobe and the RCA
reaction for signal amplification. Using methylated RASSF1A
gene fragment as analyte, the proposed method shows
excellent specificity, high sensitivity, good stability, and
acceptable reliability and can distinguish the location of the
methylation site on target DNA. The TADF Pdots with high
ECL efficiency and the cathodic ECL application of TADF
Pdots in methylation detection with excellent performances
indicate the great potential of TADF Pdots in ECL efficiency
improvement and bioanalytical application.
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