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Supplementary Note 1: Absorption-derived indices for analyte ranking and 2D and 3D map construction
This section describes the calculation workflow used to generate the gel uptake index (, the composite uptake index (, the incremental composite gain (, and the absorption-derived SERS enrichment index (. Only the final summary values are reported in this document; complete replicate-level values and pairwise calculations are provided separately as Supplementary Data.
For each analyte, uptake indices were calculated using replicate absorbed amounts obtained in the practical plateau uptake regime. The plateau regime was defined as the concentration range in which further increases in  produced little additional change in absorbed amount. When multiple initial concentrations produced comparable plateau absorbed amounts, all corresponding replicate observations were included. Each absorbed amount was normalized by its corresponding  to calculate  and .
Index definitions

  Eq. S1
 Eq. S2
 Eq. S3
 Eq. S4

 represents hydrogel-driven uptake under the gel-only condition.  represents the total uptake index under the AgS MP and M2+ composite condition.  captures the incremental composite gain relative to the gel-only baseline.  therefore, reflects the joint contribution of hydrogel uptake and composite-enhanced uptake.
A negative  simply reflects the mass/volume displacement effect; the incorporation of AgS MPs and structural changes reduces the effective volume fraction of the purely absorptive alginate matrix, thereby lowering the absolute baseline absorption for certain analytes.
For each analyte, replicate absorbed amounts were first normalized to  or . Mean  and mean  were then calculated across valid replicates. Mean  was obtained as , and mean  was calculated as . These summary values were used for analyte ranking and for construction of the selectivity map in the main text..
Gel w/ NP & M2+ absorption model analysis 
This section summarizes the residual-concentration-based  fitting workflow applied only to the Gel w/ NP & M2+ condition for the eight analytes.
For each analyte, the raw file contained the initial analyte concentration  and the residual concentration measured after exposure to the Gel w/ NP & M2+ condition. Residual concentrations were recorded in micromolar units, whereas  was recorded in molar units. The equilibrium absorption capacity for each replicate was calculated by mass balance as  after converting  from M to μM. The fitting coordinate system was therefore  and .
Control rows with  were excluded from fitting. To minimize distortion by measurement-floor noise, only non-negative mean  values were retained for model comparison.
Apparent maximum uptake anchor and nonlinear models
The practical plateau uptake regime was used to define the apparent maximum uptake anchor for model fitting. This regime was identified from concentration-dependent uptake profiles as the range in which further increases in  produced little additional increase in , while time-dependent measurements confirmed that the selected incubation condition approached equilibrium. Plateau-regime  values under the Gel w/ NP & M2+ condition were used to define the fixed apparent  value for the Langmuir, Sips and BET fits.
The following nonlinear models were compared using  fitting:

Langmuir,  Eq. S5
Freundlich,  Eq. S6
Sips,  Eq. S7
BET,  Eq. S8

All models were fit by nonlinear least-squares regression. Langmuir, Sips and BET were run with fixed  as described above. Freundlich was fit with free parameters because it does not contain an explicit saturation term. Model comparison was based primarily on AICc, with R2, RMSE and SSE used as secondary descriptors.
For visualization of the composite uptake regimes in the main text, acetamiprid, MO, malathion and carbaryl were treated as Langmuir-like analytes, whereas MG, R6G, CV and thiram were treated as Sips-like analytes. This assignment provides a practical interpretive framework for distinguishing relatively uniform, gel-dominated uptake from more heterogeneous uptake within AgS MP- and M2+-modified composite microdomains.

Supplementary Note 2: Geometric modelling of AgS MP densification and Raman intensity change upon M2+-induced hydrogel shrinkage
This section describes the geometric and statistical framework used to estimate how secondary ionic crosslinking changes the spatial density of AgS MPs embedded in alginate hydrogel and how this densification influenced the measured Raman signal.
Core-shell NP geometry and hydrogel fabrication parameters were taken from the experimental measurements used in this work. Fe2O3 cores (MP) (684 ± 81 nm) were coated with AgS to yield AgS MP of 886 ± 30 nm diameter. Particles were loaded into 3.5 wt% alginate droplets at 250 ng AgS MP per mg alginate. A droplet mass of 17.9 mg produced hydrogels of approximately 3.6 mm diameter, which shrank to approximately 2.7 mm after secondary ionic crosslinking while the particle number remained constant.
AgS MP number per hydrogel
The total number of AgS MP per alginate hydrogel was estimated from mass balance and the Fe2O3 core density. 



 Eq. S9
Using geometric estimates for the AgS mass (approximately  the MP core mass), the total core-shell mass per hydrogel was approximately 0.52 μg. Because shrinkage does not remove AgS MP, N is conserved during secondary gelation.
Bulk densification and mean spacing
Hydrogel radii before and after secondary gelation were  and , giving a radius ratio . The hydrogel volume therefore decreased by  and the volumetric NP number density increased by .
 Eq. S10
  Assuming uniform dispersion in the bulk, the characteristic mean center-to-center spacing scales as . This yields  and , far larger than the approximately  AgS MP diameter.
Surface-dominated densification and interparticle pitch
SEM observations indicated that AgS MPs predominantly manifest as micron-sized protrusions ( on or near the hydrogel surface (Extended Data Fig. 3f,g), suggesting that the Raman signal is governed by a surface-dominated particle distribution. For a sphere, surface area scales as ; therefore , and the areal density increases as  when N is conserved.
 Eq. S11
  If the average surface pitch prior to shrinkage is , then . Using  gives . With AgS MP diameter , the surface-to-surface gap decreases from  to .
Laser spot model and predicted change in AgS MP within the probed area
Raman measurements used a 780 nm excitation and a nominal spot diameter of  (FWHM). Approximating the beam as Gaussian, the  radius is , giving an effective illuminated area .
 
Eq. S12
If the probed region is surface dominated, the number of particle-associated regions sampled within the laser spot scales with areal density, giving .
Raman intensity scaling and interpretation
A minimal intensity model assumes independent AgS MP contributions and negligible average interparticle coupling at the hydrogel surface: . If the average field-enhancement factor  is approximately unchanged by shrinkage, then .
In practice, secondary gelation also compresses the polymer network and water content, which can increase local analyte concentration near AgS MP surfaces and subtly modify surface roughness or optical collection. The model therefore provides a conservative geometry-based estimate rather than a claim of newly formed nanoscale hot spots.
2D stochastic visualization of AgS MP densification
To visually illustrate AgS MP densification upon M2+-induced hydrogel shrinkage, a two-dimensional stochastic simulation was generated using circular domains representing the hydrogel cross-section before and after secondary ionic crosslinking. The same number of AgS MPs was retained in both states, while the hydrogel radius was reduced according to the experimentally observed shrinkage ratio (. AgS MP coordinates were sampled uniformly within each circular domain using random polar coordinates, where  and  with , followed by conversion to Cartesian coordinates . Because the AgS MP number was conserved while the circular area decreased, the areal AgS MP density increased by . For visualization clarity, a representative subset of AgS MPs was displayed while preserving the same relative density change expected from AgS MP-number conservation and geometric contraction. The same stochastic sampling rule was applied to both pre-shrinkage and post-shrinkage states, and a fixed random seed was used for reproducibility. This simulation was intended as a qualitative geometric visualization of densification rather than as a full interaction-based AgS MP simulation, and did not incorporate AgS MP aggregation, excluded-volume effects, or hotspot formation. The script used for this 2D stochastic visualization is provided as Supplementary Data 1.
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