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a b s t r a c t

Metal-organic frameworks (MOFs) hold promise as electrochemiluminescence (ECL) emitters but are lim-

ited by high operating potentials and low efficiencies, leading to substantial electrochemical interfer-

ence and reduced sensitivity. Here, we report a defect-rich Fe(Ⅲ)-based MOF (De-Fe(Ⅲ)-MOF) that ex-

hibits highly efficient ECL triggered at an ultralow potential (-0.3V vs. Ag/AgCl). Prepared using electron-

deficient 3,4,9,10-perylenetetracarboxylic acid (PTCA) as ligands and H3PO4 as the acid modulator, De-

Fe(Ⅲ)-MOF features abundant open-metal catalytic sites, which achieves an exceptional cathodic ECL ef-

ficiency of 553.06 %, even using classical Ru(bpy)3Cl2/S2O8
2− system triggered at -1.2V as a standard. This

outstanding performance is attributed to three key factors: (1) The abundant Fe(Ⅲ) active sites that ef-

ficiently catalyze S2O8
2− to produce SO4

•− radicals at ultralow potentials; (2) the electron-deficient PTCA

ligand that enables simultaneous reduction at similarly low potentials; and (3) the unified porous frame

that facilitates efficient electron transfer through an ultrashort pathway, enhancing ECL efficiency. These

features collectively minimize electrochemical side reactions and significantly enhance the sensitivity of

the sensing platform. To demonstrate its practical application, we constructed an ECL sensor for car-

boxylesterase activity, achieving a limit of detection of 6.6×10–7 U/L with minimal interference.

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

Medica, Chinese Academy of Medical Sciences.

Electrochemiluminescence (ECL), a form of chemiluminescence

triggered by an electrochemical reaction, has garnered immense

interest in the field of in vitro diagnosis owing to its merits of low

background, excellent controllability, and easy automation [1,2].

The exploitation and screening of high-performing ECL systems

is a crucial driving force for the advancement of ECL analytical

technique. Recently, cathodic ECL systems have been evolved from

classical tris(2, 2′-bipyridyl) ruthenium and to emerging nanoma-

terials, such as polymeric carbon nitride [2,3], metal nanoclus-

ters [4,5], and reticular structures [6,7]. Unfortunately, the above-

mentioned ECL systems usually necessitate an extremely negative

potential (below −1.0V or even −2.0V) to meet the sensitivity

requirements of practical applications, which brings serious chal-

lenges for precise diagnostics owing to the existing of severe elec-

trochemical interference, potential damage to biomolecules, and
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cross talk [8–10]. To address these challenges, it is highly meaning-

ful and urgently demanded to develop high-efficient and cathodic

ultralow-potential-triggered (ULP) ECL systems.

To achieve cathodic ULP ECL systems, the crucial approaches

involve reducing the reductive potential of luminophores or co-

reactants. Lowing the band gap energy, such as K-doped graphitic

carbon nitride [11], iridium(Ⅲ) J-aggregate [12] and S-CdIn2S4 [13],

is the primary methods to reduce the reductive potential of lu-

minophores. Additionally, activating the co-reactants to generate

rich active radicals at low potential, involving cobalt-iron lay-

ered double hydroxide [14], iron single-atom catalysts [15–17], α-

Fe2O3-Pt [18], and Cu2MoS4 [19], have been developed. However,

these above-mentioned materials usually get stuck in the reduc-

tion the potential of luminophores or co-reactants simply, limit-

ing their applications in ever-increasing demand for sensitive de-

tection. Reticular luminescent metal-organic frameworks (LMOFs),

paves a promising avenue for exploiting ULP ECL systems owing to

their easily integrating active site nodes, high porosity for adsorp-

tion, and tunable ligands [20–22]. Very recently, electroactive lig-

ands [6], metal node engineering [23,24], energy transfer between
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Fig. 1. (A) Schematic illustration of the preparation of De-Fe(Ⅲ)-MOF via acid modulator-induced defect strategy. (B) SEM image for the De-Fe(Ⅲ)-MOF. (C) TEM image for

De-Fe(Ⅲ)-MOF. (D) The corresponding EDS elemental mapping for De-Fe(Ⅲ)-MOF.

ligands and nodes [25], have been reported to regulate the exci-

tation potential of LMOFs. Despite most progress, since the metal

sites are usually completely coordinated by organic ligands causing

inadequate exposure of the active sites, the simultaneous reduction

the potential of luminophores and co-reactants as efficient ULP ECL

system is still in its infancy.

Inspired by defect engineering could offer an effective

tool to tailor the open-metal sites of LMOFs for enhancing

through-bond electrocatalytic process [26,27]. Herein, 3,4,9,10-

perylenetetracarboxylic acid (PTCA) with intrinsic electron-

deficient nature, is selected as the electroactive ligand of LMOFs.

Using an easy-to-operate acid modulator-induced defectstrategy

to regulate the open-Fe(Ⅲ) sites, an efficient ultralow-triggering

potential (−0.3V vs. Ag/AgCl) near-infrared (λmax =728nm) ECL

system of defect-rich perylene-based organic frameworks (De-

Fe(Ⅲ)-MOF)/S2O8
2− was achieved (Fig. 1A). The De-Fe(Ⅲ)-MOF

not only allows ECL emitters and co-reaction accelerators in a

unity porous frame to trigger efficient intramolecular electron

transfer and reduce aggregation-caused quenching (ACQ) effect

[28], but also endows plentiful open-metal sites to efficiently

catalyze co-reaction of S2O8
2− to produce superabundant active

SO4
•− with an obvious maximum peak potential at −0.25V.

Consequently, under triggering potential at −0.3V, the De-Fe(Ⅲ)-

MOF achieved a remarkable efficiency of 553.06% even when

benchmarked against the classical Ru(bpy)3Cl2/S2O8
2− system

triggered at −1.2V. Furthermore, the ECL efficiency of De-Fe(Ⅲ)-

MOF increased 4.01-folds and 5.30-folds than that of pristine

Fe(Ⅲ)-MOF/S2O8
2− and PTCA/S2O8

2− systems, respectively, which

paves a promising platform for low electrochemical interference

and highly sensitive sensing applications. Using De-Fe(Ⅲ)-MOF

as ULP ECL emitters, a low interference and sensitive ECL sensor

was developed for monitoring CE as a model analyte, realizing a

remarkable low detection limit of 6.6×10–7 U/L. This work there-

fore not only opens a promising avenue for the exploitation of

ULP ECL systems, but also provides a low interference and highly

sensitive sensor with minimal interference for the diagnosis of CE

corresponding diseases.

As revealed by scanning electron microscopy (SEM), unlike the

nanobelts structure of raw PTCA (Fig. S1 in Supporting informa-

tion) and compact sphere accompanied by nanobelts of undefect-

regulated Fe(Ⅲ)-MOF (Fig. S2 in Supporting information), the De-

Fe(Ⅲ)-MOF exhibited a thick rod-like structure with well dispersity

(Fig. 1B), indicating the significant influence of the H3PO4 mod-

ulator on the formation of MOF. The transmission electron mi-

croscopy (TEM) images also indicated the rod-like structure of De-

Fe(Ⅲ)-MOF (Fig. 1C), and the corresponding elemental mapping

(Fig. 1D) showcased that C, O, Fe, and P elements were uniformly

distributed. As illustrated in Fig. 2A and Fig. S3 (Supporting in-

formation), both the powder X-ray diffraction (PXRD) patterns for

De-Fe(Ⅲ)-MOF and Fe(Ⅲ)-MOF exhibited distinct diffraction peaks

at 9.6°, in contrast to the characteristic peak of PTCDA at 9.8°,
confirming the successful assembly of crystalline framework. No-

tably, N2 adsorption analysis (Fig. 2B) revealed that De-Fe(Ⅲ)-MOF

exhibits a substantially increased pore width (23.224nm) com-

pared to its defect-free counterpart Fe(Ⅲ)-MOF (18.177nm). This

pronounced difference in porosity not only validates the intrin-

sic porous nature of both materials but also provides direct ev-

idence for the successful implementation of defect engineering

in De-Fe(Ⅲ)-MOF. Compared to PTCA, both the Fe(Ⅲ)-MOF and

De-Fe(Ⅲ)-MOF exhibit weak symmetric stretching vibration (vs)

band at 583 cm-1 and antisymmetric stretching vibration (vas) at

785 cm-1 of their IR spectra (Fig. S4 in Supporting information)

with its bands similar to the characteristic Fe(Ⅲ)-O vibration of

the classical MIL-101(Fe(Ⅲ)) [29,30]. Additionally, the UV–vis dif-

fuse reflectance spectroscopy (UV–vis DRS, Fig. S5 in Support-

ing information) of De-Fe(Ⅲ)-MOF exhibited a strong ligand-to-

metal charge transfer (LMCT) band in the UV region (200–400nm),

characteristic of Fe(Ⅲ) centers, accompanied by broad d-d transi-

tion features spanning the visible range (400–755nm). This spec-

tral signature is consistent with the typical electronic transitions

expected for high-spin Fe(Ⅲ) (3d5) in a ligand field, which is

similar to the typical MIL-101 (Fe(Ⅲ)). The X-ray photoelectron

spectroscopy (XPS) confirmed the presence of Fe, O, C, and P

in De-Fe(Ⅲ)-MOF (Fig. S6 in Supporting information). The high-

resolution Fe 2p spectrum (Fig. 2C) exhibited a spin-orbit doublet

at 711.09 eV (Fe 2p3/2) and 724.50 eV (Fe 2p1/2), characteristic of

Fe(Ⅲ)-O clusters. Two additional doublets at 711.93/725.73 eV and

713.45/727.74 eV were assigned to Fe(Ⅲ) binding with phospho-

nate (P=O/P-O) groups [31]. The O 1s spectrum (Fig. 2D) revealed

a redshift from 531.57 eV (C=O) and 533.51 eV (C-O) in PTCA to

2
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Fig. 2. (A) The PXRD patterns of De-Fe(Ⅲ)-MOF (red line), Fe(Ⅲ)-MOF (blue line) and PTCA aggregates (green line). (B) Pore widths of De-Fe(Ⅲ)-MOF (red line) and

Fe(Ⅲ)-MOF (blue line). (C) High-resolution XPS of Fe 2p for the De-Fe(Ⅲ)-MOF. (D) High-resolution XPS for O 1s of the De-Fe(Ⅲ)-MOF and PTCA. (E) EPR spectra for the

De-Fe(Ⅲ)-MOF (red line) and Fe(Ⅲ)-MOF (blue line). (F) TG spectra of De-Fe(Ⅲ)-MOF (red line) and Fe(Ⅲ)-MOF (blue line).

531.26 eV and 533.47 eV in De-Fe(Ⅲ)-MOF, indicative of electron

density redistribution upon Fe(Ⅲ) coordination. In addition, the

two peaks atrributed to the P=O and P-O coordination with Fe(Ⅲ)

merged into one at 531.93 eV, further suggesting successful assem-

bly of H3PO4 modulator on the De-Fe(Ⅲ)-MOF [32,33]. Besides, a

new peak of oxygen vacancy (Ov) could be observed at 532.78 eV

[34], suggesting the existence of oxygen vacancies in the De-Fe(Ⅲ)-

MOF. Additionally, as illustrated in Fig. 2E, the electron paramag-

netic resonance (EPR) signal of De-Fe(Ⅲ)-MOF at g=2.002 were

significantly increased compared to that of Fe(Ⅲ)-MOF, further in-

dicating the presence of abundant Ov for De-Fe(Ⅲ)-MOF owing to

the generating of active defect sites in De-Fe(Ⅲ)-MOF. The ther-

mogravimetric (TG) curve (Fig. 2F) showed that De-Fe(Ⅲ)-MOF ex-

hibited a lower temperature for weight loss initiation than that of

Fe(Ⅲ)-MOF compared with Fe(Ⅲ)-MOF, which could be ascribed

to the presence of defects rendering the De-Fe(Ⅲ)-MOF are more

susceptible to thermal collapse.

Using readily available and highly π-conjugated PTCA as model

ligand, Fe3+ as central metal ions, H3PO4 as effective acids mod-

ulators to control the growth and structural defects, De-Fe(Ⅲ)-

MOF with an ultralow-potential (−0.3V) and NIR ECL emissions

(λmax =728nm) were prepared. The optimal experiments were

exhibited in Figs. S7 and S8 (Supporting information). In air-

saturated 0.1mol/L PBS (pH 7.4) containing 20mmol/L S2O8
2− as

the co-reactant, ECL intensities exhibited the following order: De-

Fe(Ⅲ)-MOF (17,710 a.u.) > De-Co(Ⅱ)-MOF (8928 a.u.) > De-Cu(Ⅱ)-
MOF (8388 a.u.) > De-Zn(Ⅱ)-MOF (5687 a.u.) > De-Fe(Ⅱ)-MOF

(4837 a.u.) > PTCA (1877 a.u.) (Fig. S9 in Supporting informa-

tion), demonstrating the formation of MOF structures obviously

enhances the ECL performance of PTCA. Moreover, the onset po-

tential of De-Fe(Ⅲ)-MOF (−0.0623V) > De-Co(Ⅱ)-MOF (−0.0922V)

> De-Cu(Ⅱ)-MOF (−0.0931V) > De-Zn(Ⅱ)-MOF (−0.1233V) > De-

Fe(Ⅱ)-MOF (−0.1541V) > PTCA (−0.1852V) (Fig. S10 in Supporting

information), which suggests that the onset potential of all of the

prepared MOFs was lower than that of PTCA-based ECL, and the

De-Fe(Ⅲ)-MOF possesses the lowest onset potential, suggesting the

easily injecting electrons into their LUMO to produce De-Fe(Ⅲ)-

MOF•−. Obviously, all the ECL intensities of H3PO4, CH3COOH,

HCOOH, HCI, TFA, and BA as modulator regulated De-Fe(Ⅲ)-MOF

were higher than that of pristine Fe(Ⅲ)-MOF and PTCA (Fig. S11

in Supporting information), in especial the H3PO4-regulated De-

Fe(Ⅲ)-MOF, which indicates the acid-assisted defect-engineering

of MOF could enhance the ECL performance for the Fe(Ⅲ)-MOF.

Therefore, acid-mediated defect engineering of PTCA-based MOFs

could trigger high-efficient and ultralow-potential electrochemilu-

minescence, which paves a prospective pathway toward for the

construction of superior sensitivity and swift response ECL sensors.

The ECL signal of De-Fe(Ⅲ)-MOF/S2O8
2− is significantly higher

than those of the Fe(Ⅲ)-MOF/S2O8
2− (Fig. 3A) system in the

range of 0V to −0.3V and classical Ru(bpy)3Cl2/S2O8
2− system.

To further quantitatively assess the ECL performance, we system-

atically measured the ECL efficiencies (ΦECL) for the De-Fe(Ⅲ)-

MOF/S2O8
2− system, Fe(Ⅲ)-MOF/S2O8

2− system and PTCA/S2O8
2−

system as follows (Eq. 1) [35,36]:

∅ECL =

(
∫t
0 IECL dt

∫t
0 i dt

)

x(
∫t
0 IECLdt

∫t
0 i dt

)

st

× 100% (1)

where i and IECL represent electrochemical current and ECL in-

tensity, respectively. According to the calculation, the ECL ef-

ficiency of De-Fe(Ⅲ)-MOF/S2O8
2− system were increased 4.01-

folds and 5.30-folds than those of pristine Fe(Ⅲ)-MOF/S2O8
2− sys-

tem and PTCA/S2O8
2− system, respectively (Fig. 3B, see Support-

ing information for detail calculation). Given that the standard

of Ru(bpy)3Cl2/S2O8
2− could not produce ECL signals at −0.3V,

the ECL signals of Ru(bpy)3Cl2/S2O8
2− system at a higher excita-

tion potential at −1.2V were chosen as the reference standard. In

contrast, the ECL signals of De-Fe(Ⅲ)-MOF/S2O8
2− system, Fe(Ⅲ)-

MOF/S2O8
2− system and PTCA/S2O8

2− were collected by scanning

potential from 0 to −0.3V. Despite the inherent unfair in the ex-

citation potentials, the De-Fe(Ⅲ)-MOF/S2O8
2− system showcased

the highest ECL efficiency of 553.06% (Fig. 3B, see Supporting in-

formation for detail calculation). Additionally, the ECL of the De-

Fe(Ⅲ)-MOF/S2O8
2− system under the ultralow-triggered-potential

at −0.3V remained stable over 43 continuous cycles with a rel-

ative standard deviation (RSD) of only 0.90% (Fig. 3C), which in-

dicates an ultralow-potential triggered, highly repeatable, and sta-

ble ECL for De-Fe(Ⅲ)-MOF/S2O8
2− system could obtained via the

acid-assisted defect-engineering strategy, advancing less interfer-

ence and trace sensing applications. Excitingly, unlike the ECL

peak for the Fe(Ⅲ)-MOF/S2O8
2− system (λmax =717nm, Fig. S12A

3
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Fig. 3. (A) The ECL intensity-time curves and (B) ECL efficiency relative to Ru(bpy)3Cl2 for the PTCA, Fe(Ⅲ)-MOF, De-Fe(Ⅲ)-MOF and Ru(bpy)3Cl2 (−1.2V) in 0.1mol/L

PBS (pH 7.4) involving 20mmol/L S2O8
2− . (C) ECL intensity-times curves for De-Fe(Ⅲ)-MOF/S2O8

2− system under continuous 43 cycles. Above the ECL measurements were

collected by scanning from 0V to −0.3V (PMT=930, scan rate as 0.3V/s, and magnification series as 3). (D) ECL spectra (red curve) and FL (λex =565nm, black curve) for

the De-Fe(Ⅲ)-MOF.

in Supporting information) and PTCA/S2O8
2− (λmax =720nm, Fig.

S12B in Supporting information), the De-Fe(Ⅲ)-MOF/S2O8
2− sys-

tem showcased an near-infrared ECL emission (λmax =728nm, Fig.

3D), which is attributed to the influence of H3PO4 modulator,

paving prospective NIR ECL emitters for lower background inter-

ference and longer penetration depth sensing and imaging.

The enhancing mechanism was investigated in depth. The PL

intensity for De-Fe(Ⅲ)-MOF (48,710 a.u., Fig. S13 in Supporting

information, red line) and Fe(Ⅲ)-MOF (46,450 a.u., blue line)

was 1.23 times and 1.17 times compared to that of PTCA ag-

gregates (39,866 a.u., green line), respectively. This phenomenon

is due to the decreasing of ACQ effect arising from strong π-π
interaction with the intrinsic porous nature of Fe(Ⅲ)-MOF and

De-Fe(Ⅲ)-MOF. In air-saturated 0.1mol/L PBS (pH 7.4) containing

20mmol/L S2O8
2− as the co-reactant, the onset potential of De-

Fe(Ⅲ)-MOF (−0.0623V) was markedly lower than those of Fe(Ⅲ)-

MOF (−0.1541V) and PTCA (−0.1852V) (Fig. 4A), indicating facili-

tated electron injection into the LUMO of De-Fe(Ⅲ)-MOF to gen-

erate De-Fe(Ⅲ)-MOF•−. Furthermore, as depicted in Fig. 4B, De-

Fe(Ⅲ)-MOF modulated with optimal H3PO4 (1:0.8:1.3) exhibited a

more positive onset potential (−0.0623V) compared to those with

higher (−0.0922V, 1:0.8:1.5) or lower (−0.1233V, 1:0.8:1) H3PO4

ratios, suggesting the critical role of defect engineering via acidic

modulation in tuning the redox behavior of De-Fe(Ⅲ)-MOF. The

first reduction peak Fe(Ⅲ)-MOF had a more positive reduction

peak and distinct reduction current compared with PTCA aggre-

gates (Fig. 4C), which indicates that electrons can be more eas-

ily and quickly injected into the lowest unoccupied molecular or-

bital of Fe(Ⅲ)-MOF than that of PTCA aggregates. Moreover, a dis-

tinct reductive peak current for S2O8
2− was observed at −1.12V

(vs. Ag/AgCl) on a bare GCE (Fig. 4D). Remarkably, in the pres-

ence of PTCA aggregates, the reduction potential for S2O8
2− to

SO4
•− shifted dramatically to −0.34V (sharply shifted 0.78V) with

a concurrent current enhancement, highlighting the superior ca-

pability of PTCA in activating S2O8
2−. Notably, upon integration

Fe(Ⅲ)-MOF and De-Fe(Ⅲ)-MOF into GCE, the reduction potential

further shifted positively to −0.26V and −0.25V, respectively, ac-

companied by a progressive increase in current. These findings

demonstrate that Fe(Ⅲ) centers exhibit remarkable electrocatalytic

activity toward S2O8
2− activation, and the defect-engineered De-

Fe(Ⅲ)-MOF, featuring enhanced exposure of open Fe(Ⅲ) sites com-

pared to its pristine Fe(Ⅲ)-MOF, facilitates more efficient elec-

tron injection at low potential. Therefore, the low operating po-

tential originates from the synergistic interaction between the

electron-deficient PTCA ligand and defect-rich Fe(Ⅲ)-MOF. Addi-

tionally, the linear sweep voltammetry (LSV) curves in Fig. 4E

showcased the De-Fe(Ⅲ)-MOF (1:0.8:1.3, red curve) with optimal

H3PO4 modulator had the most positive onset potential and high-

est reduction current and the catalytic activity followed the se-

quence of De-Fe(Ⅲ)-MOF (1:0.8:1.3) > De-Fe(Ⅲ)-MOF (1:0.8:1.5)

> De-Fe(Ⅲ)-MOF (1:0.8:1) > Fe(Ⅲ)-MOF > PTCA, which sug-

gests that the H3PO4 modulator had a vital effect on the cat-

alytic activity for the De-Fe(Ⅲ)-MOF. Additionally, the correspond-

ing Tafel slope (Fig. 4F) were acquired by LSV curves manifested

the De-Fe(Ⅲ)-MOF with optimal H3PO4 modulator (1:0.8:1.3) had

a smallest Tafel slope of 37.02mV/dec than those of De-Fe(Ⅲ)-MOF

(1:0.8:1.5, 88.91mV/dec), De-Fe(Ⅲ)-MOF (1:0.8:1, 170.77mV/dec),

Fe(Ⅲ)-MOF (212.43mV/dec), and PTCA (212.94mV/dec), which in-

dicates that the De-Fe(Ⅲ)-MOF with optimal H3PO4 modulator

(1:0.8:1.3) possesses highest electrocatalytic reaction kinetics, and

the H3PO4 modulator strategy significantly enhances the electro-

catalytic reaction kinetics of De-Fe(Ⅲ)-MOF. Moreover, the electro-

chemical impedance spectroscopy (EIS) results (Fig. 4G) exhibited

that De-Fe(Ⅲ)-MOF(1:0.8:1.3) had smaller semicircles than those

of De-Fe(Ⅲ)-MOF (1:0.8:1.5), De-Fe(Ⅲ)-MOF (1:0.8:1), Fe(Ⅲ)-MOF

and PTCA, which suggests a smallest charge transfer resistance

(Rct) and highest charge transfer kinetics (see detailed Rct in Table

S1 in Supporting information) of De-Fe(Ⅲ)-MOF(1:0.8:1.3). There-

fore, H3PO4 modulator-induced defect strategy to create open-

metal catalytic sites contributes a vital role to the high-efficient

and an ultralow potential (−0.3V vs. Ag/AgCl) of De-Fe(Ⅲ)-MOF,

which ascribes the reduction of ACQ to improve the emission ef-

ficiency, and the dramatical electrocatalytic activity toward S2O8
2−

co-reactants to trigger efficient electrochemical excitation.

To gain deeper mechanistic insights into the De-Fe(Ⅲ)-MOF/

S2O8
2− system, the possible ECL mechanism was systematically in-

vestigated. As depicted in Fig. 4H and Fig. S14 (Supporting infor-

mation), the De-Fe(Ⅲ)-MOF/GCE in N2-saturated electrolyte exhib-

4
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Fig. 4. (A) ECL intensity-potential curves of the De-Fe(Ⅲ)-MOF, Fe(Ⅲ)-MOF and PTCA in 0.1mol/L PBS (pH 7.4) involving 20mmol/L S2O8
2− . (B) ECL intensity-potential curves

of the De-Fe(Ⅲ)-MOF (1:0.8:1), De-Fe(Ⅲ)-MOF (1:0.8:1.3) and De-Fe(Ⅲ)-MOF (1:0.8:1.5) in 0.1mol/L PBS (pH 7.4) involving 20mmol/L S2O8
2− . Above the ECL measurements

were collected by scanning from 0V to −0.3V (PMT=930, scan rate as 0.3V/s, and magnification series as 3). (C) DPV curves for the bare GCE, PTCA, Fe(Ⅲ)-MOF, and

De-Fe(Ⅲ)-MOF in 0.1mol/L PBS (pH 7.4). (D) DPV curves for the bare GCE, PTCA, Fe(Ⅲ)-MOF, and De-Fe(Ⅲ)-MOF in 0.1mol/L PBS (pH 7.4) containing 20mmol/L S2O8
2− .

(E) LSV curves of the PTCA aggregates (a), Fe(Ⅲ)-MOF (b), De-Fe(Ⅲ)-MOF (1:0.8:1) (c), De-Fe(Ⅲ)-MOF (1:0.8:1.3) (d), and De-Fe(Ⅲ)-MOF (1:0.8:1.5) (e) in 0.1mol/L PBS (pH

7.4). (F) Tafel slopes of the PTCA aggregates (a), Fe(Ⅲ)-MOF (b), De-Fe(Ⅲ)-MOF (1:0.8:1) (c), De-Fe(Ⅲ)-MOF (1:0.8:1.3) (d) and De-Fe(Ⅲ)-MOF (1:0.8:1.5) (e) in 0.1mol/L

PBS (pH 7.4). (G) EIS Nyquist plots of the bare GCE (a), PTCA aggregates (b), Fe(Ⅲ)-MOF (c), De-Fe(Ⅲ)-MOF (1:0.8:1) (d), De-Fe(Ⅲ)-MOF (1:0.8:1.3) (e) and De-Fe(Ⅲ)-MOF

(1:0.8:1.5) (f) in 0.1mol/L PBS (pH 7.4) containing 5.0mmol/L [Fe(CN)6]
3-/4− . (H) DPV curves of De-Fe(Ⅲ)-MOF in N2-saturated, air-saturated, and O2-saturated conditions in

0.1mol/L PBS (pH 7.4) containing 20mmol/L S2O8
2− . (I) Quenching efficiency of different radical quenchers on the ECL of De-Fe(Ⅲ)-MOF/S2O8

2− system. All the materials

concentration was used 1mg/mL for both sets of measurements.

ited a well-defined reduction peak at −0.25V, corresponding to

the direct reduction of S2O8
2−. In contrast, under air- and O2-

saturated conditions, additional redox peaks emerged at −0.14V

and −0.13V, respectively, with the current intensity increasing

with oxygen concentration. These results clearly confirm that the

peak at −0.25V originates from the electrocatalytic reduction of

S2O8
2− rather than reactive oxygen species (ROS). The ECL signals

in N2-saturated PBS were higher than those observed in air- and

O2-saturated PBS (Fig. S15 in Supporting information). To identify

the key radical species involved, scavenger experiments were per-

formed using TEMPO (for SO4
•−), DMSO (for •OH), superoxide dis-

mutase (SOD, for O2
•−) and l-histidine (for 1O2). As depicted in

Fig. 4I, the suppression of ECL by TEMPO and DMSO confirmed

the synergistic reaction of SO4
•− and •OH with De-Fe(Ⅲ)-MOF•

−
to

generate the excited-state species De-Fe(Ⅲ)-MOF. Based on these

findings, a possible mechanism for the De-Fe(Ⅲ)-MOF/S2O8
2− ECL

systems is as following.

S2O
2−
8

+ e− De−Fe(III)−MOF−−−−−−−−−→ 2SO•−
4

(2)

OH• + S2O
2−
8

→ SO•−
4 + SO2−

4 + 1
2

O2 + H+ (3)

De–Fe(III)–MOF + e− → De–Fe(III)–MOF•− (4)

SO•−
4 + De–Fe(III)–MOF•− → De–Fe(III)–MOF∗ + SO2−

4 (5)

De–Fe(III)–MOF∗ → De–Fe(III)–MOF + hv (6)

Carboxylesterase (CE, EC 3.1.1.1), is reported as a promising

serological biomarker for hepatocellular carcinoma (HCC) with im-

proving accuracy and sensitivity than classical clinical biomarker of

AFP [37,38]. The sensitive and specific detection of CE activity re-

lies on the intelligent signal conversion triggered by CE. Because of

the inherent and efficient hydrolysis behavior of CE towards es-

ter group, phenylacetate (PA), 1-naphthyl acetate (1-NA), phenyl

propanoate (PP), and 1-naphthyl propionate (1-NP) were screened

as potential substrates. In the absence of CE, PA, 1-NA, and PP have

no influence on the De-Fe(Ⅲ)-MOF/S2O8
2− system (Fig. S16A in

Supporting information), whereas the 1-NP significantly reduced

the ECL signal of De-Fe(Ⅲ)-MOF/S2O8
2−, thus 1-NP cannot be meet

the essential condition is that the substrates cannot quench the

ECL signal of De-Fe(Ⅲ)-MOF without the action of CE. Compared

to PA and PP as substrates, the 1-NA quenched the ECL intensity

of De-Fe(Ⅲ)-MOF/S2O8
2− significantly in the presence of 0.1U/L

of CE (Fig. S16B in Supporting information). The affinity of PA,

1-NA, PP, and CE (PDB:1MX5) was assessed through molecular

docking simulation (Table S2 in Supporting information). As exhib-

ited in Fig. 5A and Fig. S17 (Supporting information), 1-NA pos-

sess a smallest binding free energy (−7.7 kcal/mol) than those of

PP (−6.816kcal/mol) and PA (−6.562kcal/mol), which is consistent

with the quenching tendencies towards De-Fe(Ⅲ)-MOF/S2O8
2− ECL

system. The strong interaction between 1-NA and CE is attributed

to the formation of hydrogen bond with GLY-1142, GLY-1143 and

the strong hydrophobic interaction with ILE-1359, LEU-1363, LEU-

1097, LEU-1304, and PHE-1101 on CE protein, which makes the 1-

NA has preferable affinity with CE.
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Fig. 5. (A) Binding mode of 1-NA to CE (PDB: 1MX5). (B) ECL signal for

the (a) De-Fe(Ⅲ)-MOF, (b) De-Fe(Ⅲ)-MOF+0.3mmol/L 1-NA, and (c) De-Fe(Ⅲ)-

MOF+0.3mmol/L 1-NA+1U/L CE in 0.1mol/L PBS (pH 7.4) containing 20mmol/L

S2O8
2− . (C) ECL signal of (a) De-Fe(Ⅲ)-MOF, (b) De-Fe(Ⅲ)-MOF+0.3mmol/L 1-

NA+10–4 U/L CE, (c) De-Fe(Ⅲ)-MOF+0.3mmol/L 1-NA+10–2 U/L CE, and (d) De-

Fe(Ⅲ)-MOF+0.3mmol/L 1-NA+1U/L CE in PBS (0.1mol/L, pH 7.4). (D) UV/vis for

the 1-N (cyan curve), the reacted solution of CE and 1-NA with scanning from 0 to

−0.3V (blue curve), and ECL spectra of De-Fe(Ⅲ)-MOF (red curve). (E) DPV curves

of the bare GCE in 0.1mol/L PBS (pH 7.4), including 20mmol/L S2O8
2− , 0.3mmol/L

1-NA and (a) 0, (b) 1×10−4, (c) 1×10−2, and (d) 1U/L CE. (F) ECL signals of the sen-

sor with different CE activities: (a) 1×10–6, (b) 1×10–5, (c) 1×10–4, (d) 1×10–2,

(e) 1×10–1, (f) 1, and (g) 10U/L. (G) Calibration plot for the monitoring for the CE

activity. (H) The specificity of the sensor.

Additionally, we have investigated the ECL quenching mecha-

nism in detail. As shown in Fig. 5B, introduction of CE to the De-

Fe(Ⅲ)-MOF/S2O8
2− system containing 1-NA induces significant ECL

quenching of De-Fe(Ⅲ)-MOF/S2O8
2− system, whereas 1-NA alone

produces negligible signal perturbation. This confirms that hydrol-

ysis products could significantly quench the De-Fe(Ⅲ)-MOF/S2O8
2−

ECL system. Further mechanistic studies (Fig. 5C) reveal that under

without S2O8
2−, the ECL intensity of De-Fe(Ⅲ)-MOF (curve a) is

progressively reduced with increasing CE concentration (curves b,

c, d), suggesting the annihilation of the excited-state species of De-

Fe(Ⅲ)-MOF with the occurrence of enzymatic hydrolysis between

CE and 1-NA. Additionally, the lack of spectral overlap between the

UV–vis absorption of 1-naphthol (1-N) or its products in ECL reac-

tion and ECL emission spectra (Fig. 5D) precludes resonance energy

transfer as the quenching pathway. Furthermore, DPV analysis (Fig.

5E) demonstrates that with the increasing of CE concentration, the

reduction current of S2O8
2− to SO4

•− diminishes, indicating that

the hydrolysis products of 1-NA with CE could consume SO4
•−,

thereby attenuating generation of excited-state of De-Fe(Ⅲ)-MOF.

Consequently, deactivation of the excited-state De-Fe(Ⅲ)-MOF and

scavenging of SO4
•− are two key factors in the ECL quenching

mechanism.

In virtue of ultralow-potential ECL performance of the De-

Fe(Ⅲ)-MOF/S2O8
2− system and the quenching effect of the CE

driven specific substrate-hydrolysis enzymatic reaction, a label-free

signal-off sensor with sensitivity for the determination of CE ac-

tivity was constructed. As the CE activity increases, the ECL in-

tensity dramatically decreased (Fig. 5F). Moreover, as exhibited in

Fig. 5G, the reduced ECL signals (�IECL = Iblank - I) exhibits a lin-

ear relationship with the logarithm of CE activity ranging from

1×10–6 U/L to 1U/L and corresponding linear regression equation

is expressed as �IECL =2051.20lg(c, U/L)+13,045.89 (R2 =0.996).

The detection limit of the CE activity for this sensor was esti-

mated to 6.6×10–7 U/L. Specificity is a crucial evaluation criterion

for the sensing performance of the sensor. Therefore, the selectiv-

ity of this sensing platform was investigated by selecting poten-

tial interfering substances, including glucose, bovine serum albu-

min (BSA), and glucose oxidase (GOX). Even at higher concentra-

tions (1 g/L), these interferences have negligible impact compared

with the blank sample (Fig. 5H), whereas at low CE concentrations

(0.006mg/L), there is a significant ECL decrease owing to the CE-

driven specific catalytic hydrolysis of 1-NA to naphthol that could

significantly quench the ECL system via the consumption of active

SO4
•−. Therefore, the sensitive and low interference sensor for the

detection of CE activity was constructed, paves a promising avenue

for the diagnosis of HCC.

In summary, a high-efficient and ultralow-potential-triggered

cathodic electrochemiluminescence of De-Fe(Ⅲ)-MOF/S2O8
2− sys-

tem was prepared via an easy-to-operate acid modulator-induced

defect strategy and electron-deficient-ligand of PTCA. Significantly,

the De-Fe(Ⅲ)-MOF showcased boosted cathodic ECL efficiency of

553.06%, even using classical Ru(bpy)3Cl2/S2O8
2− system triggered

at −1.2V as a standard. This outstanding performance can be at-

tributed to three pivotal factors: (1) The abundant Fe(Ⅲ) active

sites efficiently catalyze the co-reaction of S2O8
2− to generate a

substantial amount of active SO4
•− radicals even at ultralow exci-

tation potentials of −0.25V vs. Ag/AgCl (sharply shifted 0.87V); (2)

the electron-deficient PTCA ligand enables its electrochemical re-

duction to occur simultaneously at similarly low excitation poten-

tials, and (3) the unified porous frame of the De-Fe(Ⅲ)-MOF allows

the active radicals to instigate efficient electron transfer through

an ultrashort charge transfer pathway, thereby markedly enhanc-

ing the ECL efficiency at ultralow potentials. These features collec-

tively minimize electrochemical side reactions and significantly en-

hance the sensitivity of the sensing platform. Using De-Fe(Ⅲ)-MOF

as ULP ECL emitters, a low interference and sensitive CE activity

sensor was developed possessing limit of detection 6.6×10–7 U/L.

Therefore, this work offers a promising way for the exploitation of

ULP ECL systems, also paves a low interference and highly sensitive

sensor for the diagnosis of CE corresponding diseases.
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