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Supplementary Fig. S1 | Particle size distributions of HOPE microsacs across PLGA molecular weights and PLGA:PFOB ratios. 
a–c, Diameter distributions for HOPE microsacs formulated with PLGA of three molecular weights (15, 35, 50 kDa) at fixed PLGA:PFOB ratios of 1:2 (a), 1:1 (b), and 2:1 (c).
d–f, Diameter distributions for HOPE microsacs formulated with PLGA:PFOB ratios of 1:2, 1:1, and 2:1 for PLGA molecular weights of 15 kDa (d), 35 kDa (e), and 50 kDa (f).
In all panels, each dot represents one microparticle (n ≥ 100 per formulation). Significance was determined by one way ANOVA test followed by Tukey’s post-hoc multiple comparisons test. **P < 0.01, ***P < 0.001, ****P < 0.0001; ns, not significant.
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Supplementary Fig. S2 | Elemental characterization of HOPE microsacs by EDS and elemental mapping.
a. Energy-dispersive X-ray spectroscopy (EDS) spectrum of HOPE microsacs showing major peaks for carbon (C), oxygen (O), fluorine (F), zinc (Zn, from stub), and silicon (Si, from wafer). Arrows highlight the O and F peak at ~0.5 keV and ~0.7 keV, respectively.
b. Scanning electron microscopy (SEM)–based elemental mapping of HOPE microsacs showing spatial distribution of (b) oxygen, (c) carbon, and (d) fluorine. Bright-field SEM image is shown in (b) as “BF.” Scale bar, 10 µm.
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Supplementary Fig. S3 | HOPE microsac coculture alleviates hypoxia in Jurkat T cells in vitro. Jurkat cells incubated under hypoxia with and without HOPE reveal markedly diminished Hypoxia Red signal upon HOPE treatment. Particles are false colored as purple for better visualization. (n=3). Scale bar, 20 µm.
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Supplementary Fig. S4 | HOPE microsac coculture alleviates hypoxia in CAR T cells in vitro. CAR T cells incubated under hypoxia with and without HOPE reveal markedly diminished Hypoxia Red signal upon HOPE treatment. Calcein AM staining demonstrates cells viable upon HOPE treatment. Particles are false colored as purple for better visualization. (n=3). Scale bar, 50 µm.
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Supplementary Fig. S5 | Cytocompatibility of HOPE microsacs in the culture of dermal and embryonic fibroblasts. Evaluation of HOPE microsac cytotoxicity against non-tumor cells at 48 h. (a) Human Dermal Fibroblast (HDF) and (b) Mouse Embryonic Fibroblast (3T3) cells were cocultured with different concentrations of HOPE microsacs for 24 h. (n=3). No significant cytotoxicity was observed.
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Supplementary Fig. S6 | Flow Cytometric Analysis of CAR T cell activation and exhaustion following HOPE treatment under hypoxia. Quantification of the flow cytometry analysis of CAR T cell activation i.e., CD69 (a) and exhaustion i.e., PD1 (b) and PDL1(c) markers. Data are represented as mean ± s.d (n = 3). *P < 0.05, **P < 0.01, ***P < 0.001, ns non-significant. Significance was determined by one way ANOVA test followed by Tukey’s post-hoc multiple comparisons test.
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Supplementary Fig. S7 | Live–dead viability staining of A375‐CD19‐GFP/HDF tumor spheroids after CAR19-NKT cell infiltration under hypoxia ± HOPE.
CAR19‐NKT cells were co‐cultured with A375-GFP/HDF spheroids for 24 h under hypoxia in the absence (top row) or presence (bottom row) of HOPE. Spheroids were then stained with Propidium Iodide (PI, dead cells, red) and imaged by confocal microscopy. Scale bar 500 µm.
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Supplementary Fig. S8 | Tumor growth curves (volume) over time.  Significance was determined by a two-tailed, unpaired t-test. Data are represented as mean ± s.d. (n = 5). ***P < 0.001, ns non-significant.
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