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a b s t r a c t

The typical organic perylenetetracarboxylate (PTC) luminophore suffers from limited bio-application due

to its aggregation-caused quenching (ACQ) induced undesirable electrochemiluminescence (ECL) effi-

ciency in aqueous solution. Herein, the ECL emission of PTC was highly improved through the ingenious

coordination of PTC (ligand) with Tb3+ (metal ion) to prepare the Tb-PTC metal-organic framework (Tb-

PTC MOF), which prevented the π-π stacking and the aggregation of PTC molecules in a homogeneous

phase. Moreover, we found that the ECL emission of Tb-PTC MOF was further enhanced by regulating

its morphology, pore size and electron transfer ability using different solvents during its synthesis pro-

cedure. Notably, under the mixture of DMF, EtOH, and H2O (v/v/v, 1:1:1), a mesoporous Tb-PTC MOF ex-

hibited an outstanding ECL intensity, which may be attributed to two reasons. Firstly, the mesopore and

rough surface of Tb-PTC MOF (luminophore) provided abundant active sites and enlarged contact sur-

faces for S2O8
2– (coreactant). Secondly, Tb-PTC MOF with higher electron transfer ability could accelerate

electron/hole recombination to enhance its ECL emission. Additionally, Tb-PTC MOF with excellent ECL

performance was applied as a luminophore to fabricate an ultrasensitive ECL immunosensor for cardiac

troponin I (cTnI) detection, related to acute myocardial infarction. The constructed ECL immunosensor

exhibited a satisfactory linear range (1 fg/mL−20ng/mL) and a low detection limit of 0.48 fg/mL. This

study provides a new trend for the preparation of PTC-based nanomaterials with highly efficient ECL

performance, broadening the scope for sensitive immunoassay in disease diagnosis.

© 2026 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Electrochemiluminescence (ECL) involves the light emission

from high-energy electron transfer reactions during an electro-

chemical process featuring high sensitivity, negligible background

signal and electrochemical controllability [1–4]. These advantages

make ECL active in various fields, including food safety [5–7],

environmental monitoring [8,9], bioanalysis and clinical diagno-

sis [10]. Efficient ECL luminophores are essential for ECL biosen-

sors. Among the reported ECL luminophores (organic, inorganic

and nanomaterials, etc.) [11,12], the organic perylenetetracarboxy-

late (PTC) luminophore with a large π-conjugated system features

high thermal stability, conductivity and fluorescence quantum

yields [13]. However, it suffers from aggregation-induced quench-

ing (ACQ) by self-quenching and π-stacked aggregates (known as

“H-aggregates”) and is unable to produce sufficient ECL emission

for trace bioanalysis, which limits their application in ECL biosens-
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ing [14]. Therefore, there is an urgent demand to overcome the

drawbacks and develop PTC-functionalized ECL luminophore with

high ECL emission and stability.

Recently, metal organic frameworks (MOFs) are an innovative

porous materials developed through metal-organic coordination

between the organic ligands and metal ions [15]. The synthesis

process of MOF is highly adjustable, that is to say, the morphol-

ogy of MOF can be controlled within the micrometer/nanometer

range by selecting metal ions and organic ligands [16,17] and ad-

justing the experimental parameters (reaction solvent, temperature

or reactant molar ratio) [18–20]. They offer the diverse functions of

a large specific surface area, adjustable structure and high poros-

ity, which make them highly attractive for applications in cataly-

sis, biological analysis and biomedical research [21]. Luminophores

as ligands assembled into the MOF network can allow the orderly

spatial distribution of luminophores, improving the internal exci-

tation of luminophores [22]. Among them, the lanthanide-based

MOFs with high coordination numbers and long lifetimes are more
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Scheme 1. Diagrammatic representation of the procedure of (a) solvent-regulated

mesoporous Tb-PTC MOF (luminophore), (b) Ab2-Pt@MnO2 (quenching probe) and

(c) the ECL immunosensor construction for cTnI.

likely to be a promising luminescent candidate in the field of ECL

biosensing [23–26]. In this work, the luminescent PTC ligand was

coordinated with Tb3+ to synthesize a newly Tb-PTC MOF, which

achieved more robust ECL emission and high ECL efficiency by re-

ducing the ACQ effect of PTC molecules.

Cardiac troponin I (cTnI), a unique protein only present in car-

diac myocytes, is recognized as the most reliable diagnosis for

acute myocardial infarction (AMI), attributed to its favorable di-

agnostic window, outstanding sensitivity, and excellent specificity

[27–30]. However, the subtle concentration changes in cTnI levels

during the onset of AMI present a challenge for precise detection.

Therefore, the development of ultrasensitive methods for cTnI is

critical for the effective diagnosis and treatment of AMI.

Herein, a Tb-PTC MOF with excellent ECL emission was synthe-

sized through the coordination of PTC (luminescent ligand) with

terbium ion (Tb3+, metal ion) by solvothermal method using a

mixed solvent of DMF-EtOH-H2O (Scheme 1a). Compared to indi-

vidual PTC molecules, the Tb-PTC MOFs showed enhanced ECL in-

tensity, improved electron transfer, and narrow band gap by pre-

venting the π-π stacking and the aggregation of PTC molecules.

In addition, through the solvent regulation by using different sol-

vents, four Tb-PTC MOFs were prepared and the best one was

selected as a luminophore to construct an ultrasensitive ECL im-

munosensor. The unique mesopore structure (4.1 nm) and rough

surface of the selected Tb-PTC MOF can improve the accessibility

of active sites and promote the contact area for S2O8
2– (coreac-

tant) to enhance the ECL efficiency. Furthermore, the constructed

ECL immunosensor was implemented for the detection of cTnI,

an important biomarker for AMI diagnosis, using the platinum

nanoparticle-decorated manganese dioxide nanosheets (Pt@MnO2,

Scheme 1b) as a quencher to quench the ECL signal of Tb-PTC MOF.

The Pt@MnO2 was introduced onto the modified immunoelectrode

by the sandwich recognition technique. In the presence of the tar-

get cTnI, the ECL signals of Tb-PTC MOF were efficiently decreased

by the dual-quenching mechanism of efficient ECL resonance en-

ergy transfer (ECL-RET) and electron transfer (ET) between Tb-PTC

MOF and Pt@MnO2 (Scheme 1c). The ECL immunosensor obtained

a satisfactory linear range (1 fg/mL−20ng/mL) and a low detection

limit of 0.48 fg/mL for cTnI analysis. Thus, the developed Tb-PTC

MOF with highly efficient ECL emission not only extends the de-

velopment of PTC-based ECL nanomaterial but also gives a reliable

approach to design an ultrasensitive ECL sensor for trace monitor-

ing of disease markers.

Scanning electron microscopy (SEM) was used to character-

ize the morphologies of Tb-PTC MOFs. As shown in Fig. 1a, the

prepared Tb-PTC MOF shows a hybrid structure of rough micro-

rods with gravel-like nanoparticles on its surface using DMF-EtOH-

H2O as solvent. While other Tb-PTC MOFs (Fig. S1, panels a1-

c1 in Supporting information), including Tb-PTC MOF-1 (EtOH-

H2O as solvent), Tb-PTC MOF-2 (DMF-H2O as solvent), and Tb-PTC

MOF-3 (DMF-EtOH as solvent) show nanoribbon-like, microrod-

like, and gravel-like morphologies, respectively. The above obser-

vations clearly indicate that diverse morphologies of Tb-PTC MOFs

can be controlled by tuning the composition of reaction solvent.

Meanwhile, the N2 adsorption-desorption isotherms clearly point

out that all Tb-PTC MOFs exhibit a typical type IV isotherm (Fig. S1,

panels a2-d2), and the Brunauer-Emmett-Teller (BET) specific sur-

face area of Tb-PTC MOF was measured at 75.9 m2/g (Table S1 in

Supporting information). Then the pore size distribution was ana-

lyzed by the nonlocal density functional theory method. As shown

in Fig. 1b, Tb-PTC MOF exhibits a unique mesoporous distribution

with a pore size of 4.1 nm, which is significantly different from

other Tb-PTC MOF materials with micropores (Fig. S1, panels a3-

c3). The mesopore and rough surface of Tb-PTC MOF can provide

abundant active sites and contact surfaces for S2O8
2– (coreactant)

to enhance its ECL response. Moreover, the presence of Tb, C and

O elements in Tb-PTC MOF was verified by the full spectrum of

X-ray photoelectron spectroscopy (XPS) (Fig. 1c). From the high-

resolution XPS (HR XPS) spectra, two distinctive peaks at 1241.7

and 1277.2 eV belong to Tb 3d5/2 and Tb 3d3/2 of Tb 3d (Fig. 1d).

Moreover, two typical fitted peaks in the C 1s spectrum at 285.3

and 288.9 eV are referred as C–C and O–C=O in the PTC ligand,

respectively (Fig. 1e). Similarly, three peaks at 529.8, 532.1 and

533.8 eV in the O 1s of Tb-PTC MOF are assigned to the existence

of Tb–O, C–O and C=O (Fig. 1f), indicating the successful coordina-

tion between Tb3+ and PTC.

Powder X-ray diffraction (XRD) patterns were employed to an-

alyze the crystallinity of these Tb-PTC MOFs. Fig. 2a clearly il-

lustrates that Tb-PTC MOF exhibits robust diffraction peaks at

6.38°, 9.01°, 12.78°, 25.34°, and 27.58°, corresponding to the crys-

tal planes (001), (011), (002), (004), and (102), respectively [31].

The presence of these well-defined peaks serves as a strong indica-

tor of the favorable crystallinity of Tb-PTC MOF. Additionally, con-

sistent peak types and positions are observed throughout all Tb-

PTC MOFs (Fig. S2a in Supporting information), suggesting that the

choice of solvent does not exert any influence on the crystallinity

of these Tb-PTC MOFs. The Fourier transform infrared (FT-IR) spec-

trum was used to reveal the important molecular characteristics of

PTC and Tb-PTC MOF. As displayed in Fig. 2b, the peaks at 1771,

1738, 1301 cm–1 are attributed to the skeletal vibration of C=O

and C-O stretching in the –COOH group, respectively. The peaks

at 1593, 758 cm–1 are associated with the skeletal vibration of the

aromatic ring and C-H, verifying the presence of aromatic struc-

tures. Moreover, the peaks at 1441 and 1359 cm–1 are assigned to

the asymmetric and symmetric vibrations of the COO– group, pro-

viding evidence for Tb3+ coordination [32,33]. Similar characteris-

tic peaks are observed among all Tb-PTC MOFs (Fig. S2b in Sup-

porting information). This observation suggests that the impact of

solvent type on the functional groups is negligible.

From the UV−vis absorption spectrum (Fig. 2c), the Tb-PTC

MOF displays a red shift compared with PTC ligand, which can be

attributed to an increase in the electron density of the perylene

ring to reduce the energy required for electron transitions. This

red shift behavior is consistent among all Tb-PTC MOFs (Fig. S2c

in Supporting information). Furthermore, all Tb-PTC MOFs exhibit

narrow band gap (Eg) compared with PTC ligand via Tauc plots, in-
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Fig. 1. (a) SEM image, (b) pore size distribution, (c) XPS spectrum of Tb-PTC MOF (inset of a: a partially enlarged SEM image of Tb-PTC MOF), and the HR XPS spectra of

Tb-PTC MOF: (d) Tb 3d, (e) C 1s and (f) O 1s.

Fig. 2. (a) XRD pattern of Tb-PTC MOF, (b) FT-IR spectra of (I) PTC and (II) Tb-PTC MOF, (c) UV−vis absorption spectra of Tb-PTC MOF and PTC ligand, (d) ECL responses of

PTC and different Tb-PTC MOFs: (I) PTC, (II) Tb-PTC MOF-1, (III) Tb-PTC MOF-2, (IV) Tb-PTC MOF-3, (V) Tb-PTC MOF, and (e) stability of Tb-PTC MOF. (f) ECL intensity-potential

curves of different modified electrodes with S2O8
2− (25mmol/L).

dicating the coordination of the PTC ligand with Tb3+ to form the

MOF structure resulted in easier energy transfer (Fig. S2d in Sup-

porting information).

We compare the ECL performance of different Tb-PTC MOFs

synthesized in variable reaction solvents. As depicted in Fig. 2d,

all Tb-PTC MOFs modified electrodes exhibit significantly enhanced

ECL responses compared with individual PTC molecule. This obser-

vation highlights the effectiveness of coordination to mitigate the

ACQ effect of PTC for an enhanced ECL signal. Then, the effect of

Tb-PTC MOF crystallinity on the ECL performance was optimized

by regulating the temperature and time. From the XRD and ECL re-

sults (Fig. S3 in Supporting information), the synthesis conditions

of Tb-PTC MOF were optimized as 150 °C and 24h. Additionally,

the electrochemical impedance spectroscopy (EIS) results (Fig. S4

in Supporting information) indicate that all Tb-PTC MOFs modi-

fied electrodes exhibit better electron transfer ability than that of

PTC ligand. Next, the Tb-PTC MOF shows a well ECL stability with

a relative standard deviation (RSD) of 0.9 % during 21 consecutive

potential scanning (Fig. 2e). Compared with PTC, a positive shift in

Tb-PTC MOF/GCE was observed (Fig. 2f). This may be due to the

accelerated electron transfer of Tb-PTC MOF to improve the redox

efficiency of the Tb-PTC MOF/S2O8
2− system. Therefore, the coor-

dination structure, mesopore, rough surface, and narrow band gap

cooperatively enhanced the ECL performance of Tb-PTC MOF. The

Tb-PTC MOF was selected for the following experiments, including

exploration of luminescence mechanisms and immunosensor con-

struction.

Fig. 3. (a) FL spectra of PTC and Tb-PTC MOF, (b) 3D ECL spectra of Tb-PTC MOF,

(c) ECL signal-time curves of Tb-PTC MOF and Pt@MnO2/Tb-PTC MOF, and (d) a

schematic view of energy diagrams of Tb-PTC MOF and Pt@MnO2 and electron

transfer from Tb-PTC MOF to Pt@MnO2.

Fluorescence (FL) and ECL spectra were carried out to reveal the

luminescent source of Tb-PTC MOF. As depicted in Figs. 3a and b

and Fig. S5 (Supporting information), the maximum FL emission
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peak and the highest ECL emission peak of Tb-PTC MOF are con-

sistent with the ligand PTC, confirming that the luminescent center

of Tb-PTC MOF is located on the ligand PTC. Similarly, mismatched

energy levels between the excited triplet state of PTC ligand and

the excited state of Tb3+ provide evidence for ligand-induced emis-

sion of Tb-PTC MOF (Table S2 in Supporting information). Then,

the Pt@MnO2 was selected as ECL quencher in this work, and

the transmission electron microscopy (TEM) images proved that

MnO2 shows an ultrathin nanosheet and Pt NPs have been loaded

on its surface to form Pt@MnO2 (Fig. S6 in Supporting informa-

tion). In addition, the loading amount of Pt NPs on the surface of

MnO2 (wt%) was calculated by inductively coupled plasma opti-

cal emission spectrum (ICP-OES) analysis and optimized as 11.3%

for the best ECL quenching (Table S3 and Fig. S7 in Supporting in-

formation). The ECL signal of Tb-PTC MOF were significantly de-

creased (Fig. 3c) and the fluorescence lifetime (τ ) was clearly re-

duced (Fig. S8 in Supporting information) after the addition of

Pt@MnO2, indicating that the prepared Pt@MnO2 was an applica-

ble quencher to quench the ECL signal of Tb-PTC MOF. We spec-

ulate on two main possible mechanisms for this ECL quenching

phenomenon: Electrochemiluminescence resonance energy trans-

fer (ECL-RET) and electron transfer (ET) between Pt@MnO2 and Tb-

PTC MOF [34]. First, the UV–vis absorption spectra of Pt@MnO2

overlapped well with the ECL spectrum of Tb-PTC MOF (Fig. S9

in Supporting information), which provides evidence for ECL-RET

between Pt@MnO2 and Tb-PTC MOF. Second, to verify the electron

transfer, the band gap (Eg) of Pt@MnO2 was determined using Tauc

plot analysis to be 1.80 eV (Fig. S10 in Supporting information).

The highest occupied (HOMO) and the lowest unoccupied (LUMO)

molecular orbital energy levels of Tb-PTC MOF and Pt@MnO2 were

calculated in a N2-saturated acetonitrile solution (supporting elec-

trolyte: tetrabutylammonium hexafluorophosphate) (Fig. S11). All

the results are presented in Fig. 3d and Table S4 (Supporting infor-

mation). Pt@MnO2 shows a much lower LUMO level than Tb-PTC

MOF, demonstrating the possibility of electron transfer from Tb-

PTC MOF to Pt@MnO2, thus leading to the ECL signal quenching

of Tb-PTC MOF. Thus, the ECL intensity of Tb-PTC MOF is effec-

tively quenched by Pt@MnO2 through an efficient dual-mechanism

quenching strategy of ECL-RET and ET, providing solid evidence to

construct an ECL biosensor using Tb-PTC MOF and Pt@MnO2.

The stepwise assembly process of the designed ECL im-

munosensor were characterized by EIS and cyclic voltammetry

(CV) (Fig. S12 in Supporting information). After the optimization

of experiment condition (Fig. S13 in Supporting information), the

ECL immunosensor shows that higher cTnI concentrations (c) re-

sult in a decrease of the ECL intensity (I) (Fig. 4a), and the lin-

ear regression equation was calculated to be I=4180.85–1741.12 lgc

(R2 =0.998) in the range of 1 fg/mL to 20ng/mL with a detection

limit of 0.48 fg/mL (S/N=3) for cTnI detection (Fig. 4b). The con-

structed ECL biosensor for cTnI had a lower detection limit and

a wider linear range compared to other analytical strategies (Ta-

ble S5 in Supporting information). Furthermore, the designed ECL

immunosensor has an extraordinary selectivity for cTnI detection

among a series of proteins including bovine serum albumin (BSA),

human serum albumin (HSA), carcinoembryonic antigen (CEA) and

hemoglobin (Hb) (Fig. 4c). Notably, under 16 consecutive cyclic po-

tential scanning in S2O8
2− (25mmol/L), no significant fluctuations

were observed in the manufactured ECL immunosensor with the

target cTnI concentrations of 0.01ng/mL and 0.1 ng/mL, yielding

relative standard deviations (RSD) of 1.8 % and 1.7%, respectively,

confirming superior stability of the proposed ECL immunosensor

(Fig. 4d). In addition, the ECL signal of designed immunosensor can

still be maintained by 84.5% after one week of storage (Fig. S14

in Supporting information), showing a favorable long-time stability

for cTnI analysis.

Fig. 4. (a) ECL intensity and (b) calibration plot of the biosensor for various con-

centrations of cTnI (1 fg/mL−20ng/mL), (c) selectivity and (d) stability of the ECL

immunosensor (error bars, SD, n=3).

To assess the practical utility of the constructed ECL im-

munosensor for cTnI detection, standard addition method was

employed to determine the recovery rate in 50-fold diluted

serum samples (provided by the Ninth People’s Hospital of

Chongqing, China and approved by the Human Ethics Commit-

tee, 2023-LS-KW-007). As shown in Table S6 (Supporting informa-

tion), the serum samples with different additions of cTnI (0.050,

0.50, 5.0 ng/mL) demonstrated outstanding recoveries ranging from

94.0% to 101.2% with RSD <3.5% (n=3). Thus, the above exper-

iments confirm that the ECL immunosensor is a reliable tool for

cTnI analysis in real samples, highlighting its potential for practical

use in clinical diagnosis.

In summary, we synthesized a series of Tb-PTC MOFs with dif-

ferent pore size, band gap and ECL performance by tuning the

composition of reaction solvents. The ACQ effect of PTC is sig-

nificant reduced by integrating PTC ligand into the coordination

structure to extend the spatial distance of PTC ligand and en-

hance the ECL performance. Meanwhile, using DMF-EtOH-H2O as

solvent, the mesoporous Tb-PTC MOF was obtained and its meso-

pore ensures sufficient contact and transport between the Tb-PTC

MOF (luminophore) and S2O8
2− (coreactant), shortening the elec-

tron transmission distance to improve the ECL performance. In ad-

dition, the narrow band gap of Tb-PTC MOF accelerates the elec-

tron/hole recombination by favoring the electron transfer, lead-

ing to the enhanced ECL emission. Finally, a novel ECL biosen-

sor was developed for ultrasensitive quantification of cTnI using

the mesoporous Tb-PTC MOF as emitter and the Pt@MnO2 as ECL

quencher through an efficient dual-mechanism quenching strat-

egy of ECL-RET and ET. The constructed ECL biosensor realized

a satisfactory linear response, LOD, specificity, and stability for

the quantitative detection of cTnI. This work introduces an in-

novative approach to effectively mitigate the ACQ effect of PTC,

facilitating the development of high-performance PTC-based ECL

materials and the ECL biosensor for ultrasensitive detection of

biomarkers.
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