Table S3. Main computational methods and their characteristics for the analysis of self-assembly mechanisms of SA-PNP-NPs
	Item             
Category
	Electronic/atomic scale
	Molecular scale
	Mesoscopic scale
	Data-driven paradigm

	Typical methods
	Quantum chemical calculations (e.g., DFT)
	All-atom molecular dynamics simulation
	Coarse-grained molecular dynamics, dissipative particle dynamics
	Machine learning (ML)

	Applicable spatial/temporal scales
	Atomic scale; static or short-time dynamics
	Nanoscale; nanoseconds to microseconds
	Tens to hundreds of nanometers; microseconds to milliseconds
	Cross-scale

	Core advantages
	High result accuracy, capable of precisely calculating binding energy and charge distribution, serving as the gold standard for intermolecular interactions and the basis for force field parameterization.
	Provides dynamic evolution information at atomic resolution and can intuitively demonstrate the dynamic formation and breakage of non-covalent bonds such as hydrogen bonds and hydrophobic interactions.
	Breaks through the spatiotemporal bottleneck of atomic simulations, directly simulates the spontaneous formation, morphological transformation and fusion process of nanostructures, and acts as a key bridge connecting molecular events and mesoscopic structures.
	Excels at processing high-dimensional and nonlinear relationships, can mine the quantitative structure-property relationships of molecular structure-assembly properties from high-throughput data, and realize rapid prediction and virtual screening.

	Main limitations and challenges
	Extremely high computational cost, only applicable to small systems with hundreds of atoms; unable to simulate solution environments and dynamic assembly processes.
	Restricted by computational resources, it is difficult to simulate the entire nucleation and growth process of complete nanoparticles (>10 nm); accuracy depends on the force field.
	Loss of precision; the lack of universal and reliable coarse-grained force fields for complex natural mixtures is the main bottleneck for its application.
	Model performance is highly dependent on the quality and coverage of training data; interpretability is usually weak, and it is necessary to form a closed loop in combination with physical models.



