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1. Chemicals and Reagents
5,10,15,20-Tetrakis(4-carboxyphenyl)porphyrin (TCPP) was purchased from Adamas. Zirconyl chloride octahydrate (ZrOCl2·8H2O), benzoic acid, cerium(IV) oxide (CeO2), potassium persulfate (K2S2O8), N,N-dimethylformamide (DMF), tris(hydroxymethyl)aminomethane (Tris), dopamine hydrochloride, 1-(3-dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride (EDC), N-hydroxysuccinimide (NHS), chloroauric acid tetrahydrate (HAuCl4·4H4O), potassium dihydrogen phosphate dihydrate (KH2PO4·2H2O), dipotassium hydrogen phosphate (K2HPO4), potassium chloride (KCl), and aluminum oxide (Al2O3) were all obtained from Macklin. Bovine serum albumin (BSA) was sourced from Alfa Aesar. Alpha-fetoprotein (AFP) antigen and its corresponding antibody were procured from Zhengzhou Biocell Co., Ltd.
2. Apparatus
The following instruments were used in this study: a KQ-250B ultrasonic cleaner; an RG-160AT centrifuge (Human, China); a Horiba SZ-100 nanoparticle size and Zeta potential analyzer; high-resolution transmission electron microscopy (HRTEM); a JEOL JSM-6700F scanning electron microscope (SEM, Hitachi); an H-600 transmission electron microscope (TEM); an IR-solution Fourier transform infrared (FT-IR) spectrometer; a Thermo Scientific K-Alpha+ X-ray photoelectron spectrometer (XPS); photoluminescence (PL) spectrometers (F-4700 FL and FLS-1000) for recording emission spectra; and a Shimadzu UV-3600i Plus spectrophotometer for acquiring ultraviolet-visible (UV-Vis) absorption spectra.
3. Synthesis of Au@PCN-224 Nanoparticles
Au@PCN-224 nanoparticles were prepared with minor adaptations based on a previously documented protocol1. Briefly, 0.5 mg of the as-synthesized PCN-224 powder was dispersed in 1 mL of deionized water under sonication to form a homogeneous suspension. Subsequently, 2 mL of the gold nanoparticle solution was added to the suspension, and the mixture was stirred continuously at RT for 6 h to facilitate the effective conjugation of Au NPs onto the PCN-224 framework. Following the reaction, the product was collected and washed three times with deionized water to remove any unbound Au NPs. The final Au@PCN-224 nanocomposite was thus obtained by drying the purified product in an vacuum oven at 60°C for 10 h and was subsequently used for further characterization and analysis.
4. Synthesis of CeO2@PDA Nanomaterial
The CeO2@PDA nanomaterial was synthesized as follows2: 0.0743 g of dopamine hydrochloride was first dispersed in a 10 mM Tris-HCl solution via ultrasonication to achieve a homogeneous mixture, and the pH of the system was subsequently adjusted to 8.5. Then, 0.05 g of CeO2 powder was added to the solution, and the mixture was stirred continuously at RT for 8 h to allow the polymerization of dopamine on the surface of CeO2, forming a PDA coating. After the reaction, the product was washed three times with distilled water to remove unreacted dopamine hydrochloride. Finally, the obtained CeO2@PDA was dried in an vacuum oven at 60 °C for 8 h, and the resulting powder was used for subsequent characterization and analysis.
5. Preparation of CeO2@PDA-Ab2 Probe
A volume of 400 μL of CeO2@PDA (1 mg·mL⁻¹) was mixed with 20 μL of 1-(3-dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride (EDC, 0.1 mol/L) and 80 μL of N-hydroxysuccinimide (NHS, 0.1 mol/L), followed by stirring at 37 °C for 30 minutes. Then, 400 μL of detection antibody (Ab2) was added to the solution and stirred at 4 °C for 10 hours. Subsequently, 240 μL of bovine serum albumin (BSA) was introduced, and the mixture was stirred for an additional 2 hours. Finally, the product was collected by freeze centrifugation, washed once, and redispersed in 500 μL of PBS (pH 7.5)3.
6. Immunosensor Fabrication Procedure
The glassy carbon electrode (GCE) was first pre-treated by sequentially polishing its surface with 0.3 μm and 0.05 μm aluminum oxide (Al2O3) slurries on a microcloth, progressing from coarse to fine polishing to achieve a mirror-like finish. The polished electrode was then ultrasonically cleaned in ultrapure water and absolute ethanol, respectively sequentially (5–10 min for each step), to remove residual Al2O3 particles and other impurities. Finally, the electrode was gently dried with a stream of high-purity nitrogen gas and stored for subsequent use4.
A volume of 8 μL of the Au@PCN-224 suspension was drop-coated onto the pre-treated GCE surface and allowed to dry under ambient conditions (or incubated at 37 °C for 10 min to accelerate solvent evaporation). After complete drying, 12 μL of the capture antibody (Ab1) solution was applied onto the modified electrode, followed by incubation at 4 °C for 12 h (or at RT for 2 h) to facilitate efficient immobilization. The electrode was then treated with 8 μL of bovine serum albumin (BSA) solution and incubated at RT for 30 min to block non-specific binding sites.
Subsequently, 12 μL of AFP standard solutions at varying concentrations were introduced onto the electrode surface and incubated at 37 °C for 30 min to allow specific immunoreaction between AFP and the immobilized Ab₁. After incubation, the electrode was rinsed gently three times with ultrapure water to remove unbound antigens and impurities. Finally, 12 μL of the as-prepared CeO2@PDA-Ab2 conjugate solution was applied, and the electrode was further incubated at 37 °C for 1 h to complete the assembly of the immunosensor. The fabricated immunosensor was stored sealed at 4 °C prior to subsequent electrochemical and ECL measurements.
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Fig. S1. storage stability of the ECL biosensor.
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