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Introduction

Near-infrared (NIR) emission, with the excellent merits of lower
background interference, less photochemical damage, and
deeper tissue penetration, has attracted continuous interest in
biological sensing and imaging fields."” Noticeably, compared
to NIR fluorescence, which is still faced with the inevitable
limitations of autofluorescence and photobleaching in bio-
analysis, electrochemiluminescence (ECL) with NIR emission
has emerged as a powerful analysis tool in biomedical and
diagnostic fields in terms of its versatility, high stability, near-
zero background signal, and excellent controllability.>*
Commonly, various types of semiconductor quantum dots
(QDs) (CdTe,>® CdSeTe/ZnS,” PbS,? etc.) as traditional NIR ECL
emitters have been intensively investigated, while heavy metal-
containing QDs were highly biotoxic causing severe health
concerns.”' To explore the ECL emission in the NIR region with
low toxicity components, noble metal nanoclusters (NCs)"
consisting of a few to dozens of atoms are significantly attractive
in bioanalysis applications. Wang and co-workers synthesized
lipoic acid stabilized Au,, NCs covalently cross-linked with N,N-
diethylethylenediamine as the coreactant and reported the NIR
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ECL of aqueous soluble AuNCs." Despite the remarkable
progress of the proposed NIR ECL emitters, the ECL efficiency
of semiconductor QDs and metal NCs was still restricted.
Lately, organic materials with specific performances of flexible
preparation and low toxicity have been proposed for applica-
tion in biological fluorescence imaging,'*'* organic light-
emitting diodes (OLEDs)" and organic field-effect transis-
tors.' Significantly, the exploration of ECL emissions of
organic nanoparticles (NPs)'”*®* has experienced increasing
attention and progress. Bard and co-workers investigated
a series of organic NPs (such as polyaromatic compounds and
their derivatives,' and organic polymers®**') and were dedi-
cated to improving the ECL efficiency of organic NPs as good
candidates for ECL devices. However, the poor biocompati-
bility and blue-light ECL emission of the above organic NPs
limited their further applications in ECL sensing and bio-
imaging. In view of these deficiencies, it is of critical signifi-
cance to develop highly efficient ECL emitters with NIR ECL
properties and low biotoxicity.

Aggregation-induced emission (AIE), an effective fluores-
cence enhancement strategy, has potential applications in
optoelectronic devices and cell imaging, because strong FL
emission was found when individual organic molecules
aggregated together, while the individual ones in dilute solu-
tions were non-emissive.”> More recently, Carrara et al. pio-
neered the aggregation-induced ECL properties of square-
planar Pt(u) complexes, which paved a new way to improve
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the ECL efficiency of the next generation of brilliant emitters.>
However, noble metal complexes as ECL emitters not only
increase the experimental cost, but also show biotoxicity and
poor biocompatibility. It is essential to develop metal-free ECL
emitters with aggregation-induced enhanced ECL properties
for ECL biosensing and imaging applications. In this paper, we
synthesized tetraphenylethylene nanocrystals (TPE NCs) and
observed the aggregation-induced enhanced NIR ECL emis-
sion phenomenon in aqueous solution, while the ECL signal of
individual TPE molecules is basically invisible in organic
solvents (Scheme 1A). The strong ECL emission of TPE NCs is
ascribed to two possible reasons. Firstly, energy gaps were
reduced when the individual TPE molecules aggregated
together to form TPE NCs, which achieved high efficiency of
electron hole recombination to obtain the excited state via the
ECL route.*® Moreover, the intramolecular free rotation of
phenyl rings in the TPE NCs was restricted after the aggrega-
tion, which reduced the non-radiative relaxation to realize
further ECL enhancement. Interestingly, compared to the
maximum emission peak of the PL spectra (440 nm) and EL
spectra (442 nm) from TPE NCs, the ECL emission peak of TPE
NCs at 678 nm was observed, which expanded the study on the
aggregation-induced ECL emission of organic NPs to the NIR
region. The NIR ECL emission mechanism of TPE NCs may be
correlated with the high conjugation degree of the aggregation
of TPE molecules in TPE NCs and the narrow energy gaps of
the surface states of TPE NCs via the ECL route, which
distinguished from the band gap transition of PL.>® Further-
more, compared with conventional organic ECL emitters, the
TPE NCs exhibit favorable biocompatibility because bovine
serum albumin (BSA) with abundant amino acid residues was
employed as the capping agent. The preparation and ECL
properties of TPE NCs are exhibited in Scheme 1. Initially, the
TPE NCs were synthesized from individual TPE by self-
assembly. Meanwhile, BSA was wrapped on the TPE NCs to
offer a hydrophilic surface (part A). Impressively, as shown in
part B, the TPE NCs were covered on the electrode surface to

A self-assembly
_"'——_""—____—__'___1High NIR ECL

gl u‘gm
5o o% .

TPE with free rotation

BSA wrapping
—

500 600 700 800 900

aggregation-induced
enhanced ECL

B /

TPENCs <----1 / TEAS

Scheme 1 (A) Schematic illustration of the preparation of TPE NCs by
self-assembly and the NIR aggregation-induced enhanced ECL
properties; (B) illustration of the possible ECL mechanism of the TPE/
TEA system.
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afford an intense ECL signal with the coreactant of triethyl-
amine (TEA). Inspired by the intense NIR ECL emission and
good biocompatibility, the TPE NCs as a new generation of
ECL emitters are expected to show great promise in ECL
sensing and bioimaging.

Experimental section
Preparation of TPE nanocrystals (NCs)

The TPE nanocrystals (NCs) were prepared via the desolvation
method. Briefly, TPE powder (0.5 mg) was dissolved in 0.5 mL of
tetrahydrofuran (THF) to obtain a homogeneous colorless TPE
solution (1 mg mL™"). Subsequently, 5 mL of deionized water
was used to disperse 10 mg of BSA under sonication at room
temperature. Then, 0.5 mL of TPE solution was slowly injected
into the BSA solution under sonication, followed by stirring at
room temperature for 2 hours. Ultimately, after removing the
THF and washing with deionized water, the TPE NCs were ob-
tained by vacuum desiccation.

Results and discussion
Characterization of TPE nanocrystals (NCs)

The morphology of TPE nanocrystals (NCs) was investigated.
As depicted in Fig. 1A, the SEM results indicate that TPE NCs
with an average size of 450 nm + 50 nm are clearly observed.
Meanwhile, the TPE NCs presented homogeneous diameters
within a larger field of vision. Additionally, TEM and AFM were
also performed to characterize the features of TPE NCs. As
shown in Fig. 1B and C, both the images of TPE NCs reveal
nanoblock structures, which conformed to the SEM results. To
further investigate the particle size distribution, dynamic light
scattering (DLS) was employed to analyze the TPE NCs. As
illustrated in Fig. 1D, TPE NCs are well distributed with an
average size of 500 nm =+ 100 nm, and are slightly bigger than
the size of TPE NCs in SEM images, attributed to the hydrogen
bonding between the amidogen of TPE NCs and H,O.
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Fig.1 (A) SEM, (B) TEM, and (C) AFM images, and (D) size distribution of
the TPE NCs.
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Furthermore, the crystallographic structure of TPE NCs was
confirmed to be monoclinic by X-ray diffraction (XRD). As
displayed in Fig. 2A, the peaks of TPE NCs (curve a) perfectly
correspond to the peak of the standard PDF card (curve b) of
the TPE crystal (CCDC code TPHETY), which is consistent with
the previous literature.”® Meanwhile, the predicted structure of
TPE NCs is simulated in Fig. 2B, and the formation of an
ordered monoclinic crystal structure is attributed to the
aromatic stacking interactions among the TPE molecules
(Fig. 2Q).

Spectral characteristics of the TPE NCs

The optical properties of TPE NCs were measured by UV-vis
absorption, photoluminescence (PL) and ECL spectra,
respectively. As depicted in Fig. S1,} a distinct absorption peak
of TPE dissolved in tetrahydrofuran (THF) is observed at
308 nm (curve a). However, the UV-vis absorption peak of TPE
NCs (curve b) is red-shifted to 380 nm, which indicates that the
TPE NCs aggregated in solution with the help of BSA. As
depicted in Fig. 3A, the PL excitation peaks of TPE NCs are at
371 nm and 387 nm, and the maximum PL emission peak is
located at 440 nm. Under the excitation light of 488 nm, the
TPE NCs emitted strong blue fluorescence, and the
morphology and size of TPE NCs in the fluorescence micro-
scopic image (Fig. 3B) were in accordance with those of TPE
NCs in the TEM image. Interestingly, the ECL spectra of
individual TPE molecules in acetonitrile by spectral accumu-
lation displayed an ECL emission peak (600 nm) and a weak
shoulder ECL peak (440 nm) which is in accordance with the
PL spectra (Fig. 3C), originating from the dimers and mono-
mers of the TPE molecule, respectively.”” However, an intense
NIR ECL emission peak (678 nm) of the TPE NCs was obtained

Fig. 2 (A) XRD patterns of (a) the TPE NCs and (b) the standard PDF
card of the TPE crystal, (B) the predicted morphology of TPE crystals,
and (C) the predicted interaction between the two TPE molecules
represented in different colors.
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Fig.3 (A) Normalized PL excitation spectra and PL emission spectra of
TPE NCs in PBS solution. (B) Fluorescence microscopy image of TPE
NCs. (C) The ECL spectra of individual TPE molecules in acetonitrile
with TEA as a coreactant. (D) The ECL-potential curve of TPE NCs. The
inset of (D) the 2D ECL spectra of TPE NCs in PBS solution with TEA as
a coreactant. The ECL-potential-wavelength of TPE NCs via a 3D
surface image (E) and 3D heat map image (F).

in the presence of TEA via ECL spectral analysis (Fig. 3D-F),
exhibiting a significant red shift (AX = 238 nm) compared with
the PL spectra. In addition, the electroluminescence (EL)
emission peak of the TPE film (Fig. S21) was measured at
442 nm (basically consistent with the PL spectra) with an
exciplex emission of 492 nm, which demonstrated that both
the luminescence mechanisms of PL and EL are different from
that of ECL in TPE NCs. In order to further investigate the large
red shift of ECL spectra, the energy levels of TPE NCs were
evaluated using the cyclic voltammogram (CV) of the TPE NCs
modified GCE in 0.1 M Bu,NBF, acetonitrile solution bubbled
with N, for 30 min (Fig. S3Af). During the anodic scan, an
oxidation wave with an onset potential of 0.995 V vs. Ag/Ag"
was obtained, while the reduction wave was detected at
—0.705 V. Accordingly, the valence band (VB) and conduction
band (CB) were calculated to be —5.40 eV and —3.54 eV,
respectively, and the energy gap was estimated to be approxi-
mately 1.86 eV, which is far less than the energy gap (3.04 eV)
calculated from the lowest exciton absorption peak of TPE NCs
at 408 nm by UV-vis diffuse reflectance spectra (DRS)
(Fig. S3Bf). Simultaneously, the emission state energy of TPE
NCs was calculated to be 2.82 eV from the PL spectra by Es (eV)
= 1240/ (nm), which is very approximate to the optical energy
gap (3.04 eV). It is speculated that the electron injected into
the surface trap of TPE NCs® results in a relatively small
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energy gap via the ECL route to produce a red-shifted wave-
length, which is different from the PL mechanisms originating
from the nuclear band gap pathway. Therefore, the NIR ECL
mechanism of TPE NCs was attributed to the higher conju-
gation degree of the aggregation of TPE molecules in TPE NCs
and the surface states of TPE NCs via the ECL route.

Furthermore, to study the aggregation-induced ECL
enhancement mechanism, the cyclic voltammograms (CV) and
ECL of individual TPE molecules and TPE NCs in acetonitrile
were recorded, respectively. As depicted in Fig. 4A, the individual
TPE molecules exhibit two extremely weak ECL emission peaks
at —1 V and 1.6 V, for the free TPE molecules in acetonitrile had
a wide energy gap which made the excited state unobtainable via
the ECL route. However, the two corresponding ECL emission
peaks of the TPE NCs in acetonitrile zoomed to approximately
4000 a.u (Fig. 4B) which was 20-fold higher than that of the free
TPE molecules. Comparing the ECL intensity of single TPE
molecules with that of TPE NCs, the aggregated TPE molecules
in TPE NCs showed an intense ECL signal, which was attributed
to the following causes. On the one hand, the reduced energy
gaps in the ordered crystal structure made the excited state easily
obtainable via the ECL route. On the other hand, the intra-
molecular motions of phenyl rings in the TPE NCs were limited
inhibiting the non-radiative channels and realizing the radiative
transition for further ECL enhancement. Interestingly, a rela-
tively strong anodic ECL signal of TPE NCs in PBS was obtained
from —2-1.6 V without cathodic ECL emission (Fig. S4), which
provided evidence that the radical cation of TPE (TPE") was more
stable than the radical anion. In consequence, we chose the
anode ECL signal of the TPE NCs for further study. Moreover, the
[Ru(bpy);]*'/TPA system was selected as the standard to calculate
the relative ECL efficiency of the TPE NCs/TPA system (the
detailed formula is shown in the ESI}) and it was found to be
1.35%, which was higher than those of polyaniline-[Ru(bpy),-
PICT*" (1.0%)* and Mn@CdInS films (0.8%).*°

Possible ECL mechanism of the TPE/TEA system

To identify the ECL mechanism of the TPE/TEA system, correlative
DPV and ECL curves are shown in Fig. 5. Firstly, when the TPE NCs
modified GCE was measured in PBS, the DPV showed inconspic-
uous oxidation and reduction peaks (curve a and curve a/, Fig. 5A).
Meanwhile, the ECL signal with approximately 910 a.u. could be
observed (curve a, Fig. 5B). However, an oxidation peak appeared
and both the redox currents from 0.6 to 1.6 V were significantly
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Fig. 4 CV curves (blue line) and the corresponding ECL—-potential
profiles (red line) of (A) 2 mM TPE and (B) TPE NCs in 0.1 M BusNBF,4
acetonitrile solution.
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Fig. 5 (A) Differential pulse voltammetry (DPV) and (B) ECL—potential
profiles of the TPE NCs modified GCE in (a) PBS solution and (b) PBS +
18 mM TEA solution.

enhanced (curve b and curve b/, Fig. 5A) after adding TEA as the
coreactant into PBS, which was attributed to the generation of the
TEA radical cation (TEA') for further dehydrogenation to form
a strong reductant TEA" (~—1.7 V vs. Ag/AgCl).** Subsequently, an
electron from TEA" was transferred to the deep surface traps of
TPE NCs with lower energies to achieve radiative recombination
between the electrons and holes at the surface states of TPE NCs
resulting in the excited state of TPE (TPE*). When the TPE*
transited back to the ground state, an intense ECL emission was
achieved, which was 16.8-fold higher than that of the TPE NCs
modified GCE detected in individual PBS (curve b, Fig. 5B). The
possible ECL mechanisms of the TPE/TEA system are depicted as
follows:

TPE — ¢~ — TPE* (1)

TEA — e~ — TEA™" (2)
TEA™ — TEA' + H 3)
TPE* + TEA" — TPE* + product (4)
TPE* — TPE + hv 5)

Conclusions

In summary, unlike the low ECL efficiency and poor biocom-
patibility of traditional NIR ECL emitters, tetraphenylethylene
nanocrystals (TPE NCs) offer an intense NIR ECL signal thanks
to the aggregation-induced enhanced ECL emission via
improvement of the efficiency of electron hole recombination
and suppression of the nonradiative transition. Impressively,
compared with the blue-light photoluminescence (PL) emission
(440 nm), the TPE NCs show strong ECL emission (678 nm) in
the NIR region, and hold great promise in ECL sensing and
bioimaging due to lower background interference over visible
light and deeper tissue penetration. Notably, the described TPE
NCs reveal a new avenue to explore highly efficient ECL emitters
for biological applications.
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