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Ice growth inhibition is crucial in cryotechnology, as uncontrolled recrystallization during the frozen
state and freeze-thaw cycles causes irreversible damage to biological samples. Nanoscale materials that
mimic antifreeze proteins and exhibit ice recrystallization inhibition (IRI) activity have been explored as
cryoprotectants; however, the structural features that govern potent IRl activity remain unclear. This
study investigated the effects of nanoparticle size and functionality on the IRl activity. Polystyrene
nanoparticles (PSNPs, 30-1000 nm) were used as inert nanoscale models, and amino acid derivatives
with phenyl groups with or without hydroxyl functionality, including L-phenylalanine monomers,
pentamers of L-phenylalanine (Phe-5), L-tyrosine, and 3,4-dihydroxy-L-phenylalanine, were examined.
Among these, we found that tyrosine monomer nanocrystals (TMNs) display exceptionally potent IRI
activity under both extracellular and intracellular conditions, which is attributed to nanoscale structure
formation, hydroxyl functionality, and high colloidal stability. TMNs enhance cell survival during
cryopreservation, even at low dimethyl sulfoxide concentrations, whereas Phe-5 and other analogs show
limited activity owing to aggregation or lack of hydroxyl groups. These results elucidate the key factors
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hydroxy functional group. Therefore, considering the biocompatibility of L-tyrosine, our study shows that
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1. Introduction

Cryopreservation is a fundamental technology for the long-term
storage of various biosamples including protein-based thera-
peutics, cells, tissues, and transplantable organs. It plays a
critical role in cryobiology, biotechnology, and regenerative
medicine."” This process involves storing biological samples
at ultra-low temperatures, commonly at —80 °C or —196 °C, to
preserve them for extended periods. However, during freezing
and freeze-thaw cycles, ice formation and growth can cause
irreversible damage by physically disrupting cell membranes
and tissue structures.>* Ice formation can start from a small ice
nucleus, and ice growth mainly proceeds through Ostwald
ripening,” which is a thermodynamically driven process
wherein smaller ice crystals dissolve and redeposit onto larger
ice crystals to minimize the overall surface energy. The growth
of large ice crystals can physically damage biological samples,
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TMNs are promising supplementary materials for cryobiology.

thereby making the inhibition of ice growth and recrystalliza-
tion major challenges in improving cryopreservation efficiency.
Several approaches have been proposed to control ice crystal
growth, and these include vitrification, modulation of cooling and
heating rates, and the development of antifreeze compounds.’
Notably, substance-based approaches show significant potential as
integrating natural materials - such as antifreeze proteins (AFPs) - as
well as biocompatible small molecules or polymers, can prevent
irreversible injury without changing the standard cryopreservation
procedures.® AFPs or antifreeze glycoproteins (AFGPs), which are
known for their strong ice recrystallization inhibition (IRI) activity,
have been suggested for this purpose. However, their use is limited
by challenges such as difficulties in large-scale production, high
extraction and purification costs,” and cytotoxicity to mammalian
cells in some cases, potentially leading to immunological issues.®
To overcome these limitations, researchers have focused on
developing alternative materials that inhibit ice growth and exhibit
IRI activity, including AFP-mimicking molecules,’ synthetic polymers
such as poly(vinyl alcohol) (PVA)," two-dimensional materials like
graphene oxides,"* and hydrogels."> Hydroxyl groups are important
functional groups because they serve dual roles: enabling hydrogen
bonding with ice surfaces or other molecules,"*'* while also
modulating molecular self-assembly.'> Recent studies have
explored the use of amino acids, small molecules, and nanoscale
materials, while highlighting that factors such as structure
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