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[bookmark: _Toc93166244][bookmark: _Toc93167355]Materials.
2-methylimidazole, zinc nitrate hexahydrate (Zn(NO3)26H2O), ferric nitrate nonahydrate (Fe(NO3)39H2O), sodium tetrachloropalladate(II) (Na2PdCl4) and HClO4 were purchased from Shanghai Aladdin Bio-Chem Technology Co., Ltd. 3,3',5,5'-tetramethylbenzidine (TMB), hydrogen peroxide (H2O2), acetic acid (HAc), and sodium acetate (NaAc) were purchased from Sinopharm Chemical Reagent Co., Ltd. Bovine serum albumin (BSA), horseradish peroxidase (HRP), glucose oxidase (GOx), catalase (CAT) and 5,5-dimethyl-1-pyrroline 1-oxide (DMPO) were purchased from Sigma-Aldrich. All other reagents were analytical-reagent grade and without any pretreatment. Phosphate buffered saline (PBS) was purchased from Boster Biological Technology Co., Ltd. The antibodies and antigens of prostate-specific antigen (PSA), carcinoembryonic antigen (CEA), estrogen receptor alpha (ESR1) and human epidermal growth factor receptor-2 (HER2) were purchased from Sangon Biotech (Shanghai) Co., Ltd. Enzyme labeled antibody of PSA was purchased from Shanghai Linc-Bio Co., Ltd. Other chemical reagents were purchased from Sinopharm Chemical Reagent Co., Let (Shanghai, China)
The water in all experiments was prepared in a three-stage Millipore Milli-Q plus 185 purification system and had a resistivity higher than 18.2 MΩ cm.
[bookmark: _Toc93166245][bookmark: _Toc93167356]Characterization. 
The crystal structure of nanozymes was examined by D8 ADVANCE (Bruker, Germany) worked at 40 kV and 40 mA in the 2 range of 10-80  equipped with Cu K radiation ( = 0.15406 nm). The morphologies were characterized by SEM (Quanta FEG250 ﬁeld-emission environmental SEM, FEI, USA) and TEM (JEM-2100 Electron Microscope, Japan). The AC-HAADF STEM was performed by Titan G2-600 (FEI, USA). The elemental compositions were analyzed by ICP-OES (Agilent 8800). Raman spectroscopy was performed in backscattering mode using DXR (Thermo Fisher Scientific, USA) with the 780 nm laser. XPS measurements were performed by Thermo ESCALAB 250XI (Thermo Fisher, USA) and all of the binding energy data were calibrated by C 1s (284.6 eV). The pore parameters such as BET and Barrett-Joyner-Halenda (BJH) pore size distribution were measured using N2 adsorption/desorption at 77 K on a MICROMERITICS ASAP 2460 (USA). The Fe oxidation state and coordination structure in the nanozymes and reference compounds were investigated using XAS spectroscopic methods, including XANES and EXAFS collected at 1W1B station in Beijing Synchrotron Radiation Facility (BSRF). The Mössbauer measurements were performed using Wissel MS-500 (MossWinn, Germany) in transmission geometry with constant acceleration mode and 57Co(Rh) source with an activity of 25 mCi was used. The values of isomer shift (IS), electric quadrupole splitting (QS), and relative area of Fe ions were fitted through the least square method. For ZFC measurements, samples were demagnetized at 293 K by setting an initial field of 50 kOe and decreasing the field stepwise to zero by oscillating at 200 Oe/s. Samples were cooled down to 2 K via a cryocooler-based cooling system at zero fields. Then an external field of 300 Oe was applied and the samples were heated to 300 K at 2.5 K/min. Electron paramagnetic resonance (EPR)
spectra were from Bruker A300. All UV-vis spectra were from a multi-mode reader (Tecan Spark, Switzerland).
[bookmark: _Toc93166246][bookmark: _Toc93167357]DFT calculations. 
All spin-polarized calculations were performed using Vienna ab initio Simulation Package (VASP).1-2 The Perdew-Burke-Enrzerhof (PBE) parametrization of the generalized gradient approximation (GGA) was used to describe the electronic exchange-correlation energies. The criterion of total energy convergence in the optimization of the atomic structure is 10-5 eV, the convergence criterion of the atomic force is 0.05 eV/Å, and the cut-off energy of plane wave expansion is 400 eV.3 The Brillouin zone was sampled using the Monkhorst-Pack method with 2×2×1 k-point meshes. A vacuum layer of 15 Å was used along the c direction normal to the surface to avoid periodic interaction. The climbing image nudged elastic band (CI-NEB) method was applied for transition state optimizations. 
The single FeN4 moiety was embedded into single layer graphene to model the FeNC. For the calculations of FeNC-PdNC composite model, the optimized FeNC model was placed on the five-layer Pd(111) slab, and the bottom two layer of Pd atoms were fixed during structural geometry optimization.
The adsorption energy was calculated to Eads = Ex/slab – (Eslab + Ex), where Ex/slab is the total energy of the slab with adsorbates in its equilibrium geometry, Eslab is the energy of the bare slab and Ex is the energy of the free adsorbates in the gas phase. Therefore, the more negative the Eads, the stronger the adsorption. The reaction enthalpy (ΔE) were calculated to ΔE = EFS – EIS, where EIS and EFS are the total energy of corresponding initial state (EIS) and final state (EFS).
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[bookmark: _Toc93166248][bookmark: _Toc93167359][bookmark: OLE_LINK38]Figure S1. TEM images of FeNC.
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[bookmark: _Toc93166249][bookmark: _Toc93167360]Figure S2. TEM image of FeNC-PdNC.
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[bookmark: _Toc93166250][bookmark: _Toc93167361][bookmark: _Hlk86864119]Figure S3. N2 adsorption/desorption isotherms (a) and corresponding pore distributions (b) of FeNC-PdNC, FeNC and NC-PdNC.
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[bookmark: _Toc93166251][bookmark: _Toc93167362][bookmark: _Hlk74233103]Figure S4. AC-HAADF STEM image (a) and corresponding EDS elementary (Fe, Pd, C and N) analysis (b) of FeNC-PdNC.
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[bookmark: OLE_LINK41][bookmark: _Toc93166252][bookmark: _Toc93167363]Figure S5. XRD patterns of FeNC-PdNC, FeNC and NC-PdNC. 
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[bookmark: _Toc93166253][bookmark: _Toc93167364]Figure S6. The Raman spectra of FeNC-PdNC, FeNC and NC-PdNC.
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[bookmark: _Toc93166254][bookmark: _Toc93167365][bookmark: _Hlk86944762]Figure S7. High-resolution XPS spectra of C 1s (a) and N 1s (b) of FeNC-PdNC, FeNC and NC-PdNC.
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[bookmark: _Toc93166255][bookmark: _Toc93167366][bookmark: OLE_LINK44]Figure S8. High-resolution Pd 3d XPS spectra of FeNC-PdNC and NC-PdNC.
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[bookmark: _Toc93166256][bookmark: _Toc93167367]Figure S9. The HOMO of O* adsorbed LS Fe(II) (a) and MS Fe(II) (b). The yellow and cyan region represents electron accumulation and depletion, respectively). (c) Calculated pCOHP diagram of adsorbed *O on both LS Fe(II) and MS Fe(II).

[bookmark: OLE_LINK91][bookmark: _Hlk77601450][bookmark: OLE_LINK95][bookmark: _Hlk88675516]Particularly, an additional σ* bond is produced between the partially occupied of MS Fe(II) and the π orbital of the O* compared with FeNC (Figure S9a-b). Due to this σ* contribution, the projected crystal orbital Hamilton population (pCOHP) analysis of Fe-O interaction in O* adsorption intermediates shows the smaller integrated COHP (|ICOHP|) value of MS Fe(II) (2.58) than LS Fe(II) (2.75), which illustrates the weakened Fe-O* bonding strength (Figures S9c).
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[bookmark: _Toc93166257][bookmark: _Toc93167368]Figure S10. 2D Spin density diagrams of FeNC-PdNC (top) and Fe-N-C (down) (The isosurface is 0.1 a.u.).
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[bookmark: _Toc93166258][bookmark: _Toc93167369]Figure S11. UV-vis spectra of FeNC-PdNC before and after treatment with KSCN in the TMB/ H2O2 system.
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[bookmark: _Toc93166259][bookmark: _Toc93167370]Figure S12. UV-vis spectra of FeNC-PdNC, FeNC and NC-PdNC in the TMB system.
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[bookmark: _Toc93167371]Figure S13. Michaelis-Menten kinetic analysis of FeNC-PdNC and FeNC toward different concentrations of TMB.
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[bookmark: _Toc93167372]Figure S14. Influence of pH (a) and temperatures (b) on the POD-like activity of FeNC-PdNC, FeNC and HRP.
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[bookmark: _Toc93167373]Figure S15. Relative activity of FeNC-PdNC, FeNC and HRP in 0.1 M KOH and 0.1 M HCl solution.
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[bookmark: _Toc93167374]Figure S16. Effect TBA on the POD-like activity of FeNC-PdNC and FeNC.
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[bookmark: _Toc93167375]Figure S17. The free-energy diagrams for the POD-like mechanism through different reaction paths on FeNC (a) and FeNC-PdNC (b).
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[bookmark: _Toc93167376]Figure S18. Calculated pCOHP and DOS diagram with the H2O* on FeNC.
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[bookmark: _Toc93167377]Figure S19. Zeta potential of FeNC-PdNC.
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[bookmark: _Toc93167378]Figure S20. Light field images (a), fluorescence images at 488 nm (b) and the merged image of the above two images (c) of FeNC-PdNC/Ab2.
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[bookmark: _Toc93167379]Figure S21. Calibration curve between the absorbance intensity of oxTMB and PSA concentrations by using FeNC-PdNC as labels, each point is repeated three times.
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[bookmark: _Toc93167380]Figure S22. (a) Calibration curve between the absorbance intensity of ox-TMB and PSA concentrations by using HRP as labels, each point is repeated three times. (b) Absorption spectra of ox-TMB with different PSA concentrations by using HRP as labels.
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[bookmark: _Toc93167381]Figure S23. Repeatability of constructed biosensors for the determination of PSA.
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[bookmark: _Toc93167382]Figure S24. Stability of constructed biosensors for the determination of PSA.


[bookmark: _Toc93167383]Table S1. BET surface area of FeNC-PdNC, FeNC and NC-PdNC along with their pore volume and average pore sizes.
	Nanozymes
	BET Surface area (m2/g)
	Total pore volume (cm3/g)
	Average pore size (nm)

	FeNC-PdNC
	554.86
	0.44
	1.42

	FeNC
	547.03
	0.39
	1.42

	NC-PdNC
	550.46
	0.38
	1.43


 

[bookmark: _Toc93167384]Table S2. XPS results of FeNC-PdNC, FeNC and NC-PdNC.
	Nanozymes
	FeNC-PdNC
	FeNC
	NC-PdNC

	Relative amounts of various elements (%)
	Fe
	0.38
	0.37
	-

	
	Pd
	4.2
	-
	4.6

	
	C
	83.23
	85.45
	85.08

	
	N
	8.28
	8.15
	8.33

	
	O
	3.91
	6.03
	16.31

	Relative amounts of C species (%)
	sp2-C
	46.3
	49.3
	60.7

	
	Sp3-C
	19.7
	20.6
	17.8

	
	C-N
	21.4
	21.1
	15.1

	
	O-C=O
	12.6
	8.9
	6.3

	Relative amounts of N species (%)
	Pyridinic N
	47.6
	49.6
	57.7

	
	FeN
	23.1
	21.6
	-

	
	Pyrrolic N
	7.1
	6.3
	10.3

	
	Graphitic N
	22.2
	22.5
	32.0




[bookmark: _Toc93167385]Table S3. EXAFS fitting parameters at the Fe K-edge of FeNC-PdNC and FeNC(S02=0.9).
	Nanozymes s
	N
	R(Å)
	σ2(Å2)
	ΔE0(eV)
	R factor

	[bookmark: OLE_LINK34]FeNC-PdNC
	4.1
	1.94
	0.00182
	-6.584
	1.94

	FeNC
	5.1
	1.96
	0.00750
	-7.9
	0.8


S02: the amplitude reduction factor; N: coordination numbers; R: bond distance; σ2: Debye-Waller factors; ΔE0: the inner potential correction; R factor: goodness of fit.


[bookmark: _Toc93166261][bookmark: _Toc93167386][bookmark: OLE_LINK2][bookmark: _Hlk88678969]Table S4. Room temperature 57Fe Mössbauer parameters for 57Fe enriched FeNC-PdNC and FeNC.
	Nanozymes
	D1
	D2
	D3

	FeNC
	70.3
	17.1
	12.6

	FeNC-PdNC
	50.4
	33.4
	16.3




[bookmark: _Toc93166262][bookmark: _Toc93167387]Table S5. Enzyme kinetic data of FeNC-PdNC and FeNC.
	POD mimics
	Substrate
	Km (mM)
	vmax (μM s-1)

	FeNC-PdNC
	H2O2
	9.58
	10.93

	
	TMB
	1.97
	14.30

	FeNC
	H2O2
	14.02
	5.49

	
	TMB
	1.35
	3.10




	Nanozymes
	Linear range
	Detection limit
	Method
	Ref.

	PF-TC6FQ Pdots
	2-10 ng/mL
	320 pg mL-1
	Fluorescence
	4

	CDs
	1-100 ng/mL
	1-100 ng mL-1
	Fluorescence
	5

	crumpled GR-Au
	0-10 ng/mL
	590 pg mL-1
	Cyclic Voltammetry
	6

	AuNPs-PAMAM
	0.05-35 ng/mL
	50 pg mL-1
	Electrochemical Impedance Spectroscopy
	7

	FPZ-ELISA
	8-1000 pg/mL
	1.8 pg mL-1
	Colorimetric
	8

	FeNC-PdNC- ELISA -
	1-2000 pg/mL
	0.38 pg/mL
	Colorimetric
	This work


[bookmark: _Toc93166263][bookmark: _Toc93167388]Table S6. Comparison of various materials and methods used in PSA biosensors.
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