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Abstract

Objective  Small-intestinal organoids are highly valuable for intestinal physiological research and drug screening. However, their
cryopreservation is often limited by low recovery rates as well as structural and functional damage. This study aimed to establish an
efficient and stable slow-freezing protocol for small intestinal organoids by introducing controlled ice nucleation (seeding) and optimizing

the key cooling parameters.

Methods Focusing on slow-freezing, a seeding step was incorporated into the conventional protocol to investigate the effects of seeding
temperature, terminal temperature for ice crystal growth, and cooling rate on cryopreservation outcomes. Evaluations included assessing
survival rates, H&E staining for morphology, and immunofluorescence for proliferation markers and junction proteins. RT-qPCR was

used to measure the expression of stemness and multilineage markers.

Results and Discussions Seeding significantly enhanced post-thaw recovery, increasing viability from (85.05+3.06)% to (88. 84+
1.78)% , with H&E staining revealing better organoid architectural preservation. Parameter optimization identified an optimal protocol
consisting of ice nucleation at -8 ‘C followed by cooling at 0. 5 ‘C/min to -60 °C. This optimized regimen achieved a significantly higher
survival rate (89.02%=2.06%) than the conventional passive cooling box method (83.11%=2.45%). Morphological and
immunostaining analyses demonstrated that recovered organoids exhibited compact structures and enhanced proliferation. Additionally,
upregulated expression of stemness, epithelial junction integrity, and multilineage genes confirmed the effective preservation of their full-

spectrum differentiation potential.

Conclusions  Seeding actively induces ordered ice nucleation, thereby reducing the mechanical damage caused by excessive
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supercooling. The optimized protocol outperforms traditional methods in survival, structural integrity, and biological function, thus

providing technical support for organoid biobanking and standardized applications.
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