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Abstract

Long-duration missions to the Moon and Mars impose strict limitations on mass, power consump-
tion, and system complexity, making conventional cryogenic and cold-chain-dependent biopreservation
impractical. Continuous cooling requires high energy and complex infrastructure, which reduces mission
sustainability and resilience. This study presents a biomimetic, cold-chain-free biopreservation strat-
egy inspired by the anhydrobiotic survival mechanisms of Tardigrada. Extremotolerant species such as
Ramazzottius varieornatus preserve cellular structures through vitrification-like glass formation during
dehydration, enabling survival under vacuum, radiation, and temperature extremes. Based on this prin-
ciple, a sucrose–glycerol protective matrix combined with controlled partial dehydration (20–30% relative
humidity) was developed to induce a stable amorphous glassy state without freezing. The system was
optimized for proteins, enzymatic systems, and mammalian cells. Experimental results demonstrated
preservation of protein structure, recovery of 30–70% enzymatic activity after rehydration, maintenance
of cell membrane integrity, and stability under thermal cycling conditions relevant to lunar and Martian
habitats. Compared with cryopreservation and lyophilization, the proposed platform eliminates continu-
ous energy demand, reduces hardware mass, and simplifies logistics while maintaining functional biological
recovery. Preliminary analysis indicates up to 65% reduction in energy dependency relative to active cold
storage systems. The current technology readiness level is estimated at TRL 3–4, with radiation and
vacuum testing planned. This approach supports long-term biological storage for crew health monitor-
ing, in situ biomanufacturing, astrobiology experiments, and regenerative life support systems. Beyond
spaceflight, it offers scalable applications in low-resource medical logistics, remote vaccine distribution,
and disaster response. By translating extremophile survival strategies into engineered preservation sys-
tems, this work provides a sustainable and energy-efficient biopreservation solution aligned with future
deep-space exploration missions.
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