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Preparation of assay reagents
The assay buffer contained 1 g PVP-40,1 mL BSA (10%), 1 mL NaCl (10%), 1 mL Tween-20 (10%), 2 g EDTA, and 0.1 g NaN₃, dissolved in 10 mL Tris-HCl (0.2 M, pH 8.0) , and is stored at 4 °C until use.
Preparation of the enzyme chromogenic solution: The enzyme chromogenic solution is prepared by mixing Solution A and Solution B; it should be used immediately after preparation.
Solution A (substrate solution): Dissolve 10 mg of TMB in 1 mL of DMSO, add 66 mL of 0.1 mol/L sodium acetate buffer (pH 5.5), and mix thoroughly. Solution B (substrate solution): Mix 100 mL of purified water with 17 μL of 30% H₂O₂, and mix thoroughly. Preparation: Before use, mix Solution A and Solution B in a volume ratio of 1:1; store in dark conditions.
Luminescent working solution
 The luminol–H₂O₂ system is employed as the chemiluminescent substrate, while GSH@Co–AuNCs (or their loading system) serves as a catalytic enhancer in the immunosorption filter card reaction zone. To enhance the stability and reproducibility of the substrate, the luminescent substrate is typically prepared as a mixture of two components—Component A (luminol) and Component B (hydrogen peroxide)—which are mixed thoroughly just before use. The optimal pH, nanozyme concentration, H₂O₂ concentration, and luminol concentration were determined through optimization.
Instrumentation
 Transmission electron microscopy (TEM) was performed using an FEI Tecnai T20 microscope. X-ray photoelectron spectroscopy (XPS) measurements were conducted using a PerkinElmer PHI 5600 system. UV–vis absorption spectra were recorded using a SpectraMax M2 microplate reader. Dynamic light scattering (DLS) and zeta-potential measurements were performed using a Zetasizer Nano ZS. 
Material Characterization
The morphology of the primary nanoclusters and their assembled structures was characterized by TEM and high-magnification TEM. Field-emission scanning electron microscopy coupled with energy-dispersive X-ray spectroscopy (FESEM–EDS) was employed to examine the surface morphology and elemental distributions of Au, Co, S, and N. The hydrodynamic diameter and polydispersity index (PDI) were determined by DLS.
For XPS analysis, all binding energies were calibrated against the C 1s peak at 284.8 eV. High-resolution spectra of Au 4f, Co 2p, S 2p, and N 1s were analyzed to characterize the surface chemical states. Fourier-transform infrared (FT-IR) spectroscopy and zeta-potential measurements were further performed to evaluate GSH coordination and SPA conjugation.
TA-based ·OH fluorescence assay
Hydroxyl radical (·OH) generation was evaluated using terephthalic acid (TA) as a fluorescent probe[1]. TA (5 mM), H₂O₂ (2 mM), and GSH@Co–AuNCs (0.5 mg mL⁻¹) were incubated at 37 °C for 20 min, followed by fluorescence measurement at an excitation wavelength of 315 nm and an emission wavelength of 425 nm. Four groups were analyzed: TA alone, TA + H₂O₂, TA + AuNCs + H₂O₂, and TA + GSH@Co–AuNCs + H₂O₂. All measurements were performed in triplicate.
[bookmark: _GoBack] Fabrication of the VFI Device and Assay Procedure
The VFI device consisted of a 1 × 1 cm² nitrocellulose membrane and a 2 × 1.5 cm² absorbent pad. The test (T) spot was coated with Brucella abortus LPS (1 μL, 2.0 mg mL⁻¹), whereas the control (C) spot was coated with sheep IgG (1 μL, 0.5 mg mL⁻¹).A 10 μL aliquot of serum was mixed with 60 μL of comprehensive buffer solution, and the mixture was introduced into the VFI device. Following membrane filtration, approximately 50 μL of the GSH@Co–AuNCs–SPA probe and 150–200 μL of assay buffer were sequentially added, with each subsequent reagent applied only after the preceding solution had completely passed through the membrane. The intrinsic pale-yellow color of the probe was initially employed for direct visual inspection. For colorimetric detection, 20 μL of TMB–H₂O₂ substrate was added, and the colorimetric image was captured after 2 min. For chemiluminescence detection, 20 μL of luminol–H₂O₂ working solution was added, and chemiluminescence images were acquired using a smartphone under fixed dark-condition imaging settings
Evaluation of Analytical Performance
Anti-Brucella IgG-positive serum with an antibody concentration of 1000 IU mL⁻¹ was used as the reference sample. The undiluted sample and serial dilutions of 1:10, 1:50, 1:100, 1:200, 1:500, 1:1000, 1:2000, 1:5000, and 1:10000 were analyzed, corresponding to antibody concentrations of 1000, 100, 20, 10, 5, 2, 1, 0.5, 0.2, and 0.1 IU mL⁻¹, respectively. These samples were used to compare the analytical responses of three readout modes: the intrinsic color of the probe, TMB-mediated catalytic color development, and chemiluminescence.
Deep-learning image-label generation
Nanozyme-amplified colorimetric image label generation
TMB chromogenic image label generation：For TMB chromogenic images, a manual annotation approach is employed to determine the effective chromogenic boundaries at points C and T, and to calculate their respective equivalent diameters. The ratio of the diameter at point T to the diameter at point C is then used as the continuous regression label for the TMB branch.
RTMB​=dT/dC​​
In the formula, dT and dC denote the equivalent diameters of the detection point and the quality control point, respectively.
Based on the distribution of manually annotated data and the actual colorimetric interpretation characteristics, the continuous regression results for TMB are categorized into 4 semi-quantitative grades.
 G0: Negative or extremely weak signal, RTMB​<0.30； 
 G1: Weakly positive, 0.30 ≤ RTMB < 0.74； 
 G2: Moderately positive, 0.74 ≤ RTMB <0.95； 
 G3: Strongly positive, RTMB ≥ 0.95
These hierarchical results are obtained by mapping the continuous regression values through a fixed threshold, rather than being directly outputted by a standalone four-class classification network.
Chemiluminescence image label generation
For chemiluminescence images, the luminescent regions at points C and T are separately calibrated, and areas devoid of significant luminescence near these spots are selected as local backgrounds. After subtracting the background, the integral chemiluminescence intensities within the regions at points C and T are calculated, and the ratio of these two values is used as the regression label for the chemiluminescence branch.
RCL ​=IT/IC
In this formula, IT and IC denote the integrated luminescence intensities at points T and C, respectively, after background subtraction. The integrated luminescence intensity simultaneously reflects both the brightness and effective area of the spot; thus, it is more suitable than a single-pixel peak for evaluating the overall enrichment level of the probe on the membrane.
Based on the CL T/C intensity ratio, the chemiluminescence results are classified as follows:
G0: Negative or extremely weak luminescence, RCL <0.10； 
G1: Weakly positive luminescence, 0.10 ≤ RCL <0.60； 
G2: Moderately positive luminescence, 0.60 ≤ RCL <0.85； 
G3: Strongly positive luminescence, RCL​≥ 0.85。 
The aforementioned interval adopts a left-closed and right-open definition to avoid situations where boundary values fall simultaneously into two adjacent levels.
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Figure S1. DLS spectra of GSH@Co–AuNCs nanoclusters
[image: 总谱图-XPS]
Figure S2.  XPS survey spectra for GSH@Co–AuNCs and GSH@Co–AuNCs-SPA, showing characteristic peaks of Co 2p, O 1s, N 1s, C 1s, Au 4f and S 2p.
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Figure S3. Effect of pH on the peroxidase-like activity of GSH@Co–AuNCs using the TMB–H₂O₂ system
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Figure S4. Effect of temperature on the peroxidase-like activity of GSH@Co–AuNCs using the TMB–H₂O₂ system.
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Figure S5. Linear fitting of ln(Net CL) versus time within 0–60 min

[image: PTA-OH测定]
Figure S6. Fluorescence intensity of TA oxidation product reflecting ·OH generation from different catalytic systems. : blank buffer control; H₂O₂ + TA without nanoclusters; AuNCs + H₂O₂ + TA;  GSH@Co-AuNCs + H₂O₂ + TA. Data are expressed as mean ± standard deviation (n = 3).
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Figure S7. Effects of PH concentration on the chemiluminescence (CL) intensity of the luminol - H2O2 system. The CL intensity was recorded at the peak time point of the kinetic curves. Data are presented as mean ± standard deviation (SD) from three independent replicates (n = 3）
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Figure S8. PH net chemiluminescence integral AUC values. Error bars represent the standard deviation (n = 3)
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Figure S9. Effects of GSH@Co-AuNCs concentration on the chemiluminescence (CL) intensity of the luminol - H2O2 system. The CL intensity was recorded at the peak time point of the kinetic curves. Data are presented as mean ± standard deviation (SD) from three independent replicates (n = 3）
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Figure S10. GSH@Co–AuNCs net chemiluminescence integral AUC values. Error bars represent the standard deviation (n = 3).
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Figure S11. H2O2 net chemiluminescence integral AUC values. Error bars represent the standard deviation (n = 3).
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Figure S12. Luminol net chemiluminescence integral AUC values. Error bars represent the standard deviation (n = 3).

Table S1：Batch-to-batch reproducibility of the chemiluminescence mode (CL T/C ratio)
	Concentration
	Mean T/C,SD
	CV (%)

	Low
	0.07±0.005
	7.1…

	Medium
	0.51±0.03…
	5.2

	High
	0.94±0.02…
	3.8


CV% = (SD / Mean) × 100%. The inter-run precision was determined by analyzing the same sample once on each of three independent batches (A, B, C). All CV% values were below 10%, meeting the precision requirements for the immunoassay method.

Table S2:Stability of GSH@Co-AuNCs-VFI test cards during storage at 4°C
	Storage time
	Relative signal (%)
	CV (%)

	Day 0
	100
	2.0…

	Day 7
	98.1
	2.4…

	Day 14
	92.3
	3.7…

	Day 30
	85.4 …
	4.3…


Relative signal (%) = (CL T/C ratio at indicated storage time / CL T/C ratio at day 0) × 100%, based on weakly positive serum samples (SAT = 1:50, n = 3 independent batches). CV (%) = (SD / Mean) × 100%, calculated from triplicate measurements at each time point. All CV values were below 5%, indicating good precision during storage. The signal remained above 85% after 30 days of storage at 4°C, demonstrating acceptable stability for routine use.


Table S3. Preliminary clinical performance of the deep learning-assisted vertical flow immunoassay using the serum agglutination test as the reference method (n = 30)
	
	
	VFI-ACM
	95%CI
	VFI-CL
	95%CI

	
	
	n
	Positive
	Negative
	
	Positive
	Negative
	

	SAT
	Positive
	20
	19
	1
	-
	19
	1
	-

	
	Negative
	10
	1
	9
	-
	0
	10
	-

	
	Total
	30
	20
	10
	-
	19
	11
	-

	
	Sensitivity,
	95.0%
	75.1–99.9%
	95.0%
	75.1–99.9%

	
	Specificity
	90.0%
	55.5–99.7%
	100%
	69.2–100%

	
	Accuracy
	93.3%
	77.9–99.2%
	96.7%
	82.8–99.9%



Reference
[1]	X. Qu, L.J. Kirschenbaum, E.T. Borish, Hydroxyterephthalate as a fluorescent probe for hydroxyl radicals: application to hair melanin, Photochem. Photobiol. 71 (2000) 307–313. https://doi.org/10.1562/0031-8655(2000)071%3C0307:HAAFPF%3E2.0.CO;2.
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