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Instruments
Fluorescence measurements were recorded using a Shimadzu RF-5301 PC spectrofluorometer (3 nm slit width, 1 cm path length quartz cuvette). Transmission electron microscopy (TEM, JEOL JEM-100CX II) was employed to characterize the morphology of CuNi@CDs, while Fourier-transform infrared spectroscopy (FT-IR, Nicolet™ iS™10) was used to identify surface functional groups. Elemental composition was analyzed by energy-dispersive X-ray spectroscopy (EDX, NEX QC+ QuantEZ), and structural characteristics were further examined using X-ray diffraction (XRD, PW 1710). Particle size distribution and hydrodynamic diameter were assessed by dynamic light scattering (DLS, Zetasizer Nano ZS, ZEN 3600, Malvern, UK). X-ray photoelectron spectroscopy (XPS, ESCA Ulvac-PHI 1600, PHI Quantum 2000, USA) was conducted to probe surface chemical states, while UV–Vis absorption spectra were obtained using a Shimadzu UV-1601 PC spectrophotometer (Tokyo, Japan). The metal content of the nanomaterials was quantified by inductively coupled plasma atomic emission spectroscopy (ICP-AES, PerkinElmer, USA).










Samples preparation
For pharmaceutical analysis, fludarabine phosphate (50 mg, lyophilized powder for injection) was reconstituted by accurately weighing 5.0 mg and dissolving it in 25 mL of ultrapure water. Appropriate aliquots were subsequently diluted with ultrapure water to obtain working solutions within the calibration range. For biological samples, 200 μL of urine or serum was diluted with acetate buffer (pH 3.8) to match the desired concentration range. Quantification of FLD in both pharmaceutical and biological matrices was performed using the standard addition method to minimize matrix interference and ensure analytical accuracy.











	





Fluorescence quantum yield measurements of NCDs and CuNi@NCDs (X)
The quantum yield (QY) values were calculated according to the following equation using quinine sulfate (QS) as a reference in 0.1 mol/L H2SO4 (QY = 54 %). By measuring the absorbance (less than 0.05) and emission spectra of a certain concentration of X and QS at the same excitation wavelength at 360 nm, the absorbance and fluorescence integrals area were substituted into the following formula:

[bookmark: _Hlk131121502]ΦX represents the quantum yield of X, ϕQS represents the quantum yield of QS, FX is the fluorescence intensity of X, FQS is the fluorescence intensity of QS, A refers to the absorbance value and η refers to the refractive index of the solvent (distilled water). The synthesized X were dissolved in distilled water (η = 1.33) and QS was dissolved in 0.1 M H2SO4 (η = 1.33).  









Kinetic studies
Using CuNi@NCDs as the catalyst, OPD was oxidized by H₂O₂ to produce DAP, exhibiting a characteristic absorbance at 425 nm. Reactions were carried out in acetate buffer with sequential reagent addition, and key parameters, including pH, temperature, incubation time, and the Cu/Ni ratio, were optimized to maximize catalytic activity. DAP concentration was determined via the Lambert–Beer law, and kinetic parameters (Kₘ and Vₘₐₓ) were obtained from Lineweaver–Burk plots.
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Fig. S1(A) Zeta potentials of NCDs and CuNi@NCDs while (B) Zeta potential measurements of CuNi@NCDs for successive three weeks.
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Fig. S2(A) XPS survey of CuNi@NCDs; (B) Deconvoluted spectra of Cu 2p; (C) Deconvoluted spectra of Ni 2p.
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Fig. S3 PL readings of CuNi@NCDs under various conditions: (A) pH, (B) temperature, (C) NaCl, (D) irradiation time, and (E) storage days.
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Fig. S4 (A) UV/Vis and (B) PL readings of NCDs and CuNi@NCDs.
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Fig. S5 UV/Vis (A, C, E) and fluorescence (B, D, F) spectra for the effect of Ni: Cu ratio, synthesis temperature, and synthesis time. 














[image: ]









Fig. S6 UV/Vis for peroxidase-mimetic activity of CuNi@NCDs after changing (A) concentration of CuNi@NCDs, (B) concentration of OPD, (C) concentration of H2O2, (D) pH, (E) incubation temperature, and (F) incubation time. Concentration of FLD is 50 µM.
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Fig. S7 (A) Emission spectra of CuNi@NCDs and  CuNi@NCDs/DAP; (B) Emission spectrum of CuNi@NCDs and UV/Vis absorption of DAP; (C) Fluorescence decay profiles with/without DAP.
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Fig. S8 Michaelis–Menten and Lineweaver–Burk plots illustrating the peroxidase-like kinetics of FeCu@CDs.
(A) Michaelis–Menten curve for OPD at 1 mM H₂O₂.
(B) Corresponding Lineweaver–Burk plot for OPD.
(C) Michaelis–Menten curve for H₂O₂ at 0.25 mM OPD.
(D) Corresponding Lineweaver–Burk plot for H₂O₂.
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Fig. S9 (A) UV-Vis absorption at 425 nm before (blank) and after adding the ROS capture agents in the CuNi@NCDs/ OPD/H2O2 system; (B) EPR spectra of the DMPO-•OH adduct.
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Fig. S10 (A) Emission spectra of CuNi@NCDs and CuNi@NCDs/100 µM FLD; (B) UV/Vis of Ni@NCDs, Cu@NCDs, and CuNi@NCDs in the presence of H2O2 and OPD.
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Fig. S11 (A) Zeta potential measurement of NCDs, CuNi@NCDs, and CuNi@NCDs/FLD; (B) FTIR spectra of (a) CuNi@NCDs, (b) FLD, and (c) CuNi@NCDs/FLD mixture.
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Fig. S12 Selectivity of CuNi@NCDs/H2O2/OPD system for detection of 50 µM FLD via (A) colorimetric and (B) fluorometric modes.













	Nanocatalyst
	Substrate
	Km (mM)
	Vmax (10−7 M s−1)
	Reference


	HRP
	H2O2
OPD

	3.70
0.59
	8.71
4.65
	[1]
[2]

	Cu2O nanowire
	H2O2
OPD

	242
0.47
	4.30
5.54
	[3]

	MOF-919(Fe-Cu)
	H2O2
OPD
	0.24
1.36

	4.15
14.62
	[4]

	Fe3O4-PEI
	H2O2
OPD
	200
7.5

	6.2
13.5
	[5]

	CuNi@NCDs
	H2O2
OPD
	0.165
0.875

	14.75
11.39
	This work


Table S1. Comparison of Km and Vmax between CuNi@NCDs and other nanocatalysts.




































 Table S1. Comparison of Km and Vmax between Fe/N@C-dots and other nanocatalysts.








	







Table S2 Precision of dual-mode method for determination of FLD using CuNi@NCDs/OPD/H₂O₂ system (n=6).

	Method
	Concentration (µM)
	Intraday precision
	Intraday precision

	
	
	Measured (µM)
	Recovery %
	RSD %
	Measured (µM)
	Recovery %
	RSD %

	Colorimetric
	2.0
50.0
300.0
	2.08
52.43
298.66
	104.0
104.9
99.6
	2.56
2.12
3.07
	1.95
48.56
296.87
	97.5
97.1
98.9
	2.56
3.28
2.09

	Fluorometric
	2.0
50.0
300.0
	1.95
48.54
302.67
	97.5
97.1
100.9
	1.45
2.09
3.13
	2.12
48.56
297.54
	106.0
97.1
99.1
	2.45
3.76
2.62
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