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Abstract

Traditional fluorescent emitters cannot effectively utilize triplet excitons owing to the spin statistical limitation, thus
their electrochemiluminescence (ECL) efficiency (@g(;) is relatively low. Improving the utilization efficiency of triplet
excitons is of great significance for developing efficient luminescent materials. Here we designed a hot exciton molecule
(NZ2TPA) containing highly efficient chromophore naphthothiadiazole as an electron acceptor and triphenylamine (TPA)
with aggregation induced emission (AIE) property as the strong electron donor to synthesize an ECL nanoemitter-NZ2TPA
nanoparticles (NT NPs). The hybridized local and charge-transfer (HLCT) excited state of NZ2TPA achieved a high exciton
utilization through the reverse intersystem crossing from higher triplet states (#RRISC). The combination of HLCT and AIE
characteristics endowed NT NPs with superior @, over other nanoemitters, which provided an excellent material for
the design of highly sensitive ECL biosensors. Using alkaline phosphatase (ALP) as an analyte model, a “signal-on” ECL
biosensing approach was constructed by combining the quenching of manganese dioxide nanosheets (MnO, NSs) on ECL
emission of NT NPs and the reduction of MnO, by ascorbic acid produced from ALP-catalyzed dephosphorylation, which
showed a detectable range of 0.004 — 400 U/L with a detection limit of 0.57 mU/L. The excellent performance demonstrated
the immense potential of organic nanomaterials through combining HLCT and AIE properties to improve ®gcy .

Keywords Electrochemiluminescence - Organic nanomaterials - Hot exciton - Hybridized local and charge-transfer -
Aggregation induced emission - Alkaline phosphatase

1 Introduction

Electrochemiluminescence (ECL) is a phenomenon where
the luminophore undergoes redox processes on the elec-
trode surface to generate excited states, and then emits
light through radiation relaxation [1-4]. It has become a
reliable analytical method [5-7] for its low background
signal [8, 9] and excellent spatial-temporal controllability
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[10]. Compared with traditional ECL materials, such as
Ru(bpy);>* [11, 12] and quantum dots [13, 14], the organic
luminescent materials possess low toxicity, adjustable
structure and better biocompatibility [15, 16]. Thus, a lot of
works have been reported to modify the structure of organic
compounds to acquire special properties [17-20]. Our pre-
vious work enhanced the luminescent efficiency of polymer
dots (Pdots) by introducing cyano group as electron acceptor
into polymer [17]. By covalently linking triethylamine to
polymer chain, we further developed coreactant-embedded
Pdots to propose a dual intramolecular electron transfer strat-
egy for enhancing the ECL efficiency (@g;) [18]. Xu et al.
designed an aggregation-induced ECL emitter by connecting
benzo-bis(1,2,5-thiadiazole) and tetraphenylethylene with
alkyl thiophene as a n-bridge [19]. Wu et al. then enhanced
the luminescence efficiency through highly twisted molecu-
lar conformation and efficient intramolecular charge transfer
effect [20]. However, owing to the spin statistical limitation,
only the lowest singlet excitons (S;) in fluorescent organic
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emitters can generate ECL emission via radiative transition
after electrochemical excitation [21], while the lowest triplet
excitons (T,) cannot emit ECL due to the transition prohibi-
tion (Scheme 1A, left), thus the maximum ®g; is estimated
to be only 25% for conventional organic nanomaterials [21].

The organic nanomaterials exhibiting thermally activated
delayed fluorescence (TADF) properties have demonstrated
the effective utilization of triplet excitons [22-24] through
reverse intersystem crossing (RISC) from T, to S; owing
to the sufficiently small energy bandgap (AEgy) between
S, and T, states of TADF molecules (= 0.1 eV) [25]. For
example, our recent work fabricated TADF Pdots using the
sterically locked electron donor—acceptor (D-A) polymer to
yield an anodic @y of 49.9% relative to Ru(bpy)32+ [26].
Nevertheless, the spatial separation of orbitals forbids elec-
tronic transition and thus limits the luminous efficiency [27],
and long-lived T, excitons also cause exciton annihilation
through the accumulation process [28]. To address this issue,
we further designed a hot exciton molecule with hybridized
local and charge-transfer (HLCT) excited state property [29]
to achieve the RISC from high-lying triplet states (ARRISC)
to singlet states (T,,—S,, m>2, n>1) [29, 30] and inhibit
the internal conversion (IC) of T,, to T, for reducing the
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accumulation of T, excitons [31-33] (Scheme 1A, right),
which could enhance both the luminous efficiency and the
exciton utilization [34, 35].

This work used naphtho[2,3-c][1,2,5]thiadiazole (NZ)
as an electron acceptor and triphenylamine (TPA) with
aggregation induced emission (AIE) property as an strong
electron donor to synthesize a hot exciton molecule,
4,4’ -(naphtho[2,3-c][1,2,5]thiadiazole-4,9-diyl)bis(N,N-
diphenylaniline) (NZ2TPA), through a Suzuki coupling
reaction [36], and then NZ2TPA nanoparticles (NT NPs)
by reprecipitation (Scheme 1B). The solvatochromic
experiments and simulation calculations demonstrated
the HLCT character of NZ2TPA. The presence of AIE
greatly enhanced the ECL emission of NZ2TPA after
reprecipitation. Thus the NT NPs generated intense anodic
ECL emission with a high ®@gq; of 62.7% vs. Ru(bpy)32+
in the presence of coreactant tripropylamine (TPrA). To
verify the analytical application, we further used alkaline
phosphatase (ALP) as an analyte model and manganese
dioxide nanosheets (MnO, NSs) as an ECL quencher to
propose a simple “signal-on” method based on the reduction
of MnO, on biosensor surface by ascorbic acid produced
from ALP-catalyzed dephosphorylation of ascorbic acid
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2-phosphate (AAP). The outstanding performance of the
proposed method highlighted the promising application of
organic nanomaterials with AIE and HLCT dual functional
characteristics as efficient ECL emitters.

2 Experimental

2.1 Preparation of Aggregates for Fluorescent
and ECL Analysis

The solutions of aggregates at different water contents
were prepared by adding tetrahydrofuran (THF) solution
of NZ2TPA (2 mM, 0.1 mL) to the mixtures of THF/H,O
(2.9 mL, with appropriate ratios) to sonicate for 5 min,
which were used for fluorescent and ECL measurements.

2.2 Preparation of NT NPs

NT NPs were prepared by the reprecipitation method [37].
Briefly, a 2.5 mL mixture of 50 pg/mL NZ2TPA and 10 pg/
mL poly(styrene-co-maleic anhydride) (PSMA) in THF was
rapidly injected into 10 mL water after ultrasonic degassing
for 20 min and followed by ultrasonic treatment lasting 10 s.
The THF was subsequently eliminated via rotary evaporation
under vacuum, and the NT NPs dispersion was ultimately
obtained by filtration through a 0.22 pm poly(ether sulfones)
filter.

2.3 Synthesis of MnO, NSs

The synthesis of MnO, NSs was performed according to
previous reports [38]. Typically, 1 mL of 15 mM KMnO,
was added to 2 mL of 50 mM pH 6.0 2-(N-morpholino)
ethanesulfonic acid (MES), followed by dilution to a total
volume of 10 mL. The mixture was then ultrasonicated
for about 30 min to obtain MnO, NSs after centrifugation
at 10,000 r/min for 15 min. After triple washing with
deionized water, the MnO, NSs were dispersed with 10 mL
of deionized water and stored in a refrigerator at 4 “C. The
concentration of the MnO, NSs dispersion was 0.16 mg/mL
[39].

2.4 Fabrication of ECL Biosensor

A glassy carbon electrode (GCE, 5 mm in diameter) was
polished with 0.05 pm alumina slurry and then sonicated in
alternating ethanol and water. After drying with N,, NT NPs
modified were prepared by dropping 20 pLL NT NPs aqueous
solution on the surface and dried at 37 “C for 1 h. To prepare
the ECL biosensor, 20 pL of 0.16 mg/mL MnO, NSs was
drop-cast onto NT NPs/GCE and dried at 37 °C for 1 h to
form MnO, NSs/NT NPs/GCE.

2.5 Procedure for ALP Detection

400 pL of 10 mM Tris-HCI buffers (pH 8.0) containing
different concentrations of ALP and 20 mM AAP were
incubated at 37 °C for 60 min. Then, the MnO, NSs/NT
NPs/GCEs were immersed in the reactant solution at room
temperature for 4 min, rinsed with water and dried with N,
for further ECL testing.

2.6 ECL Measurement

The ECL measurement was conducted in 0.1 M pH 7.4
phosphate buffer saline (PBS) with 20 mM TPrA with
potential scanning from 0 to+ 1.5 V. Scan rate: 100 mV/s.
PMT: 500 V. The ECL intensity variation was represented
by Al (AI=1I - I;), where [, represents the ECL signal of
MnO, NSs/NT NPs/GCE and ! represents the ECL signal of
MnO, NSs/NT NPs/GCE treated with the product of ALP-
catalyzed dephosphorylation of AAP.

3 Results and Discussion

3.1 Molecular Structure and Photophysical
Properties of NZ2TPA

The successful synthesis of NZ2TPA (Scheme S1) was con-
firmed by NMR and mass spectrometry (Fig. S1-S3). After
optimizing the molecular structure, the freely rotating phenyl
ring structure of the TPA unit avoided the fluorescence (FL)
quenching induced by intermolecular accumulation. The
angle between the central acceptor and the adjacent phenyl
ring was 57° (Fig. S4), resulting in a large twisted structure
of the molecule, which was conducive to the formation of
the charge transfer (CT) state [40]. The UV—vis absorption
and fluorescence (FL) spectra of NZ2TPA were measured in
various polar solvents (Fig. 1A, B, Table S1). The UV-vis
absorption near 520 nm was ascribed to the intramolecular
charge transfer (ICT) transition from the TPA unit to the NZ
unit. The shape and location of the absorption peak exhibited
negligible variations in various solvents. As the polarity of
solvents strengthened, the FL spectra of NZ2TPA gradually
broadened with a total redshift of 47 nm, suggesting that
NZ2TPA showed an obvious solvatochromic effect, and the
excited state of S; possessed a certain CT state character
[40].

To further understand the excited state property of
NZ2TPA, the dipole moment of the excited state S, of
NZ2TPA was investigated through the dependence of Stokes
shift (v,-v) on orientation polarization (4f) according to the
Lippert-Mataga model [41, 42]. Two fitting curves revealed
that the dipole moment of NZ2TPA was small in low polar
solvents and larger in higher polar solvents, corresponding to
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Fig.1 A Normalized UV-vis absorption and B FL spectra of
NZ2TPA in different solvents. C The plot of Stokes shift (v,-v) vs.
orientation polarization (Af) of solvent for NZ2TPA. D Transient
photoluminescence decay spectra of NZ2TPA in different solvents.

the dominance of the locally excited (LE) and CT states in
the S, state (Fig. 1C), respectively. In medium polarity sol-
vents, the S, state displayed both LE and CT characteristics.
In addition, the transient fluorescence spectra of NZ2TPA in
three representative solvents (toluene, trichloromethane and
tetrahydrofuran) was 9.76 ns, 8.48 ns and 8.74 ns, respectively
(Fig. 1D), showing a single exponential fitting decay, indicat-
ing that the S, state of NZ2TPA was a hybrid state combining
LE and CT characteristics, without clear separation between
two states [43].

Furthermore, the HLCT characteristic of NZ2TPA was con-
firmed through theoretical calculations at the molecular struc-
ture and orbital distribution level. The natural transition orbitals
(NTOs) from S, — S, excitation showed the particles primarily
located on the NZ acceptor and its adjacent phenyl rings, and the
holes distributed throughout the molecular structure (Fig. 1E),
indicating that the S,— S, transition contained both the LE char-
acteristics of the NZ unit and the CT characteristics from the
TPA unit to the NZ unit. The energy level diagrams showed that
the energy gap between T, and T, (0.97 eV) was much larger
than that between T, and S, (0.12 eV) (Fig. 1F, Table S2), indi-
cating that the ARISC process from T, to S; was more preferable
than the IC process from T, to T, according to the energy-gap
law [44]. This was also consistent with the hot excitons mecha-
nism to achieve a high utilization of triplet excitons.
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E Natural transition orbitals of S;—S, (f represents the oscilla-
tor strength, and the percentage indicates the transition possibility).
F Energy levels of the first five singlet and triplet excited states in
NZ2TPA

To verify the AIE property of NZ2TPA, FL spectra of
NZ2TPA in different ratios of THF/H,O mixtures were
measured (Fig. 2A). When the water volume fraction (f,,)
increased, the FL spectra of NZ2TPA presented a slight
redshift with the rapid decrease in intensity to its minimum
at the f,, of 40%. This change was attributed to the twisted
intramolecular charge transfer (TICT) effect. The FL emis-
sion increased from the f;, of 50% and reached a maximum
at the f,, of 90% (Fig. 2B), demonstrating obvious AIE prop-
erties. Moreover, after NZ2TPA-THF/H,O solutions with
different f,, were cast on the GCE surface, the ECL intensity
in 0.1 M pH 7.4 PBS with 20 mM TPrA.

As coreactant increased with the increasing f,, (Fig. 2C,
D), revealing that the aggregation of NZ2TPA could enhance
its ECL emission.

3.2 Synthesis and Characterization of NT NPs

NT NPs prepared by reprecipitation exhibited a spherical
morphology with a diameter of about 21 nm (Fig. 3A,
B). Dynamic light scattering (DLS) analysis of NT
NPs showed a mean hydrodynamic diameter of 29 nm
(Fig. 3C), slightly larger than the result of atomic force
microscope (AFM). The dispersion was purplish-red
in daylight and red upon 365 nm UV excitation (inset
in Fig. 3D). The UV absorption spectrum of the THF
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images of NT NPs. C The
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NPs measured using DLS.
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solution of NZ2TPA exhibited two absorption peaks at
310 and 521 nm (Fig. 3D). The former originated from
n-n* interaction, and the latter resulted from ICT. The
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redshift of 11 nm due to the interactions between NPs
and the surrounding solvent environment, reducing the
energy required for the electronic transition [45].
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The FL emission peak of NT NPs at 673 nm overlapped
with that of NZ2TPA in THF, indicating NT NPs inherited the
photophysical properties from NZ2TPA.

3.3 Electrochemical and ECL Behaviors of NT NPs

In N,-saturated 0.1 M pH 7.4 PBS, the cyclic voltammogram
(CV) of NT NPs/GCE showed an obvious irreversible oxida-
tion peak at+1.20 V and a weak reduction peak near — 1.7 V
(Fig. 4A). The direction of potential scanning hardly affected
the redox processes. However, two different directions led to
obviously different annihilation of ECL emissions. Compared
with the ECL emission at+0.8 V during the potential scan-
ning from 0 to+ 1.5 V and then —2.0 V (Fig. 4B, curve a), the
potential scanning from 0 to — 2.0 V and then+ 1.5 V led to
two ECL peaks at — 2.0 V and+0.94 V, respectively (Fig. 4B,
curve b), indicating the electroreduction state of NT NPs (NT
NPs®7) retained sufficient stability to undergo annihilation
ECL emission with subsequent.

Moreover, the transient ECL revealed that the ECL emis-
sion was only generated at+ 1.5 V when the potential stepped
from — 2.0 Vto+1.5 V (Fig. 4C). Additionally, the ECL inten-
sity of this potential step was greater than that of from+1.5V
to — 2.0 V (Fig. 4C, D), which further confirmed the stability
of NT NPs*™ [17]. The emission process of ECL annihilation
was expressed by the Egs. 1 —4:

NTNPs + ¢~ — NTNPs ™ (1)

NTNPs —e~ — NTNPs ™ 2)
NTNPs* + NTNPs™ — NT NPs* 3)
NTNPs* — NTNPs + hv “)

Using TPrA as an optimal coreactant (Fig. S5a), which
exhibited an irreversible oxidation with an onset potential
of +0.65 V and a peak at+0.97 V (Fig. 5A, curve a), the
anodic ECL emission of NT NPs/GCE at an optimized con-
centration of 20 mM (Fig. S5b) was studied. In the absence
of TPrA, the oxidation of NT NPs in PBS showed an onset
potential of+0.51 V with an anodic peak at+1.21 V
(Fig. 5A, curve b). Upon the addition of TPrA in PBS, NT
NPs/GCE displayed the anodic peaks of both TPrA and NT
NPs at the same potentials as the oxidation of TPrA and
NT NPs (Fig. 5A, curve c), and a prominent ECL emission
peak occurred at+0.91 V with an onset potential at+0.71 V
(Fig. 5B, curve c), more positive than the onset potentials for
the oxidation of both TPrA and NT NPs, indicating that the
ECL emission originated from the excited species NT NPs"
generated by the reaction between oxidized TPrA and NT
NPs, TPrA® and NT NPs** [46]. The relatively lower ECL
peak potential than the oxidation peak of NT NPs could be
attributed to the ICT resulting from the twisted molecular
structure [20]. The intense ECL emission arose from the
transition of the triplet excitons to the singlet state via hRISC
(Scheme 1; [29]; Fig. 5C), which could not be observed in
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very weak cathodic ECL emission of NT NPs with 20 mM
K,S,0q as a cathodic coreactant (Fig. S6, curves 3). Com-
pared with NT NPs/GCE, NZ2TPA/GCE exhibited much
weaker anodic ECL emission (Fig. S7a and b), indicating
that NT NPs synthesized by reprecipitation could enhance
the stability of organic molecules and avoid the interference
of dissolved oxygen in water, thereby improving the ECL
intensity of the designed nanomaterial.

The ECL spectrum of NT NPs showed a wide emission
peak at around 680 nm (Fig. 5D) that red-shifted by 10 nm
compared with its FL emission peak, which might be
attributed to the influence of instrument error [47]. The
nearly matched spectra suggested that the ECL emission of
NT NPs was a band-gap model [48].

From the CV curves of NT NPs/GCE in non-aqueous
phase measured using ferrocene as the internal standard (Fig.
S8a and b) and their initial oxidation/reduction potentials,
the HOMO and LUMO of NT NPs were determined to be
—5.23 eV and — 3.63 eV, respectively, and the energy gap
(E,) was calculated to be 1.60 eV (Table S3), slightly smaller
than the theoretically calculated energy gap of 2.24 eV (Fig.
S8c), indicating the semiconductor property of NT NPs.
Using 1 mM Ru(bpy)32+ as the standard, the anodic ECL
efficiency of NT NPs was calculated to be 62.7% at 10 mM
TPrA (Fig. S9a and b, Table S4) [18], which was 5.6 times
higher than 11.2% of CN-PPV dots [17] and greater than
56.7% of the hot exciton materials (BCzP-BT nanorods) [29]
(Table S5), even similar to that of the TADF aggregates [49],

600 700 800
Wavelength (nm)

500

showing the significance combining the HLCT with AIE
properties in boosting the ECL efficiency. In addition, the
ECL intensity of NT NPs over various storage periods with
a relative standard deviation (RSD) of 5.9% confirmed its
excellent storage stability (Fig. S10).

3.4 Analytical Application of NT NPs in ECL
Detection

Using ALP, a hydrolase widely present in mammalian
tissues and directly related to hepatobiliary disease,
bone diseases, and diabetes [50], as an analyte target, an
“on—off-on” ECL detection method was constructed by using
NT NPs as an efficient anodic ECL emitter and MnO, NSs to
quench the ECL signal of NT NPs [51] (Scheme 1C). When
the substrate AAP was catalytically hydrolyzed by ALP to
remove phosphate, the generated AA could reduce MnO,
NSs to Mn?* to recover the ECL emission.

The prepared MnO, NSs were characterized with
TEM images, UV absorbance and X-ray photoelectron
spectroscopy (XPS). The TEM images of the prepared
MnO, NSs showed obvious nanosheet morphology and a
unique UV absorbance band near 380 nm (Fig. S11a and b).
Two characteristic peaks of the XPS spectrum at 642.2 and
653.8 eV were related to Mn 2ps,, and Mn 2p,, (Fig. S11c)
[52], respectively. After MnO, NSs being cast on NT NPs/
GCE, the electrochemical impedance spectra (EIS) showed
a significantly decrease in electron-transfer resistance
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(R, (Fig. S12a), but the ECL emission greatly decreased
(Fig. S12b), while the CV curves did not show obvious
difference from those in the absence of MnO, NSs (Fig.
S12c and Fig. 5A), indicating that the presence of MnO,
NSs on NT NPs/GCE did not affect the oxidation of both
NT NPs and TPrA except the accelerated electron transfer
and that the great ECL decrease of NT NPs resulted from
the quenching of MnO, NSs. The quenching effect could
be verified through the partial overlap between the ECL
spectrum of NT NPs and the UV-vis spectrum of MnO, NSs
(Fig. S12d), which was inferred from their ECL resonance
energy transfer [53]. After treating MnO, NSs/NT NPs/GCE
with AA produced by ALP-catalyzed dephosphorylation of
AAP, the dissolution of MnO, NSs led to the increase of R,
due to the poor conductivity of NT NPs (Fig. S12a, curve 2)
and the recovery of ECL emission (Fig. S12a and b, curves
4), demonstrating the feasibility to detect the ALP activity.

To achieve the sensitive detection of ALP, the amount of
MnO, NSs for biosensor preparation, the concentration of
AAP and pH for ALP-catalyzed dephosphorylation, and the
reaction time for the dissolution of MnO, NSs were optimized
to 0.16 mg/mL, 20 mM, pH 8.0 and 4 min, respectively (Fig.
S13). Under the optimal conditions, the ECL signal increased
with the increasing ALP concentration (Fig. 6A). The ECL
intensity exhibited an excellent linear correlation with the loga-
rithm of ALP concentration over a range of 0.004—400 U/L
(Fig. 6B). The detection limit was estimated at a signal-to-noise
ratio of 3 to be 0.57 mU/L. Both the detectable activity range
was much wider and the detection limit was much lower than
those of previously reported colorimetric, fluorescent and ECL

methods (Table S6), displaying the advantage of the proposed
hot exciton nanomaterial with strong ECL emission and high
ECL efficiency.

The selectivity of the biosensor was verified by compar-
ing the ECL response of several interfering enzymes, includ-
ing glucose oxidase, catalase, lysozyme, and pepsin. As
shown in Fig. 6C, a distinct ECL signal change was observed
for ALP (40 U/L), while the interfering enzymes exerted
negligible interference even at tenfold higher concentrations,
indicating excellent.

The ECL signals of five independent electrodes tested at
40U/L ALP (Fig. 6D) showed a relative standard deviation
(RSD) of 3.8%, verifying the good reproducibility of the biosen-
sors. In addition, recovery experiments were conducted by spik-
ing 0.1, 1.0 and 10 U/L ALP in diluted human serum (0.1%).
The calculated recoveries were 96.0%, 98.1% and 97.3% with
RSDs of 3.2%, 3.3% and 4.0% (Table S7), respectively, revealing
the potential application of this biosensor for ALP detection in
real biological samples.

4 Conclusion

In this work, the molecule NZ2TPA with HLCT and AIE char-
acteristics was synthesized to dissolve the limitation of lumines-
cence efficiency. The hot exciton molecule exhibits the HLCT
state, allowing it to achieve the ARISC process from T} to S, for
high utilization of triplet excitons and high luminous efficiency.
The presence of AIE greatly enhances the ECL emission of
NZ2TPA after reprecipitation, leading to the highest @y of

Fig.6 A ECL-time curves of
ECL biosensor in 0.1 M PBS
pH 7.4 containing 20 mM TPrA
at 0, 0.004, 0.04, 0.4, 4, 40, 400
U/L ALP (from a to g). B Cali-
bration curve for ALP detection
(n=3). C Specificity of the
biosensor for (a) blank, (b) 400
U/L glucose oxidase,

(c) catalase, (d) lysozyme,

(e) pepsin and (f) 40 U/L ALP.
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current hot exciton nanomaterials and providing an excellent
ECL emitter for constructing sensitive ECL detection methods.
Based on the efficient anodic ECL emission of NT NPs, the
quenching of MnO, NSs on ECL and the reduction of MnO, on
biosensor surface, a simple “signal-on” method has been pro-
posed for sensitive detection of ALP. The eminent analytical
performance with a wide detectable concentration range and low
detection limit demonstrates the significant potential of organic
nanoemitters with dual functional properties in improving ECL
efficiency and expanding the application of hot exciton materials
in bioanalysis.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s41664-025-00374-x.
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