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We synthesized amino acid—based zwitterionic monomers and inves-
tigated their ice recrystallization inhibition (IRI) activity. Among the
materials examined, a serine-based zwitterionic acrylate exhibited
superior IRI activity. Interestingly, the IRI activity of this zwitterionic
acrylate was reduced after polymerization.

Antifreeze materials that control the shape and growth of ice have
ahigh demand across various fields." ™ Specifically, in the medical
field, antifreeze materials can protect biological samples from
physical damage caused by ice recrystallization during cryopre-
servation, thereby improving cell recovery rates.*® Organisms
inhabiting cold regions express antifreeze proteins (AFPs) to
protect their cells and tissues from freezing damage at subzero
temperatures.® Although AFPs have been actively studied for their
potential applications, the use of natural AFPs faces challenges
such as stability issues and high costs associated with extraction
and purification. Considering potential toxicity of molecular
cryoprotectants like dimethyl sulfoxide (DMSO), which are com-
monly used for cell preservation, synthetic polymer-based AFP
mimics have been explored as alternative materials.””® These
polymers offer advantages such as lower cost and the inability to
permeate cell membranes, making them promising candidates
for cryoprotection and ice control applications. However, disco-
vering polymeric materials that fully replicate the antifreeze
property and cryoprotective activity of natural AFPs is challenging,
and the design principles for such materials remain unclear.

Ice recrystallization inhibition (IRI) activity is one of the
indicators used to evaluate the performance of antifreeze
materials.'®'" Peptides that mimic antifreeze protein sequences
have been reported to exhibit IRI activity.'> Among synthetic
polymers, Gibson and co-workers reported polyvinyl alcohol
(PVA) as a material exhibiting exceptionally high IRI activity."?

“ Department of Chemical Engineering, Kyushu University, 744 Motooka, Nishi-ku,
Fukuoka 819-0395, Japan. E-mail: nagaom@chem-eng. kyushu-u.ac.jp,
miuray@chem-eng. kyushu-u.ac.jp

b Research Institute for Information Technology, Kyushu University, 744 Motooka,
Nishi-ku, Fukuoka 819-0395, Japan

© 2026 The Author(s). Published by the Royal Society of Chemistry

¥ ROYAL SOCIETY
PP OF CHEMISTRY

View Article Online
View Journal

Effect of polymerization of zwitterionic
monomers on their intrinsic antifreeze activity
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The IRI activity of PVA increases with molecular weight, and
PVA;5; can exhibit its IRI activity at a low concentration of
0.05 g L™ . Although its IRI activity is lower than that of natural
AFPs, it remains the highest among synthetic polymers. Addition-
ally, Gibson and co-workers recently reported that phenylalanine,
a hydrophobic amino acid, and its derivatives exhibit IRI activity
despite being low-molecular-weight compounds.'* Phenylalanine
contains both hydrophobic (-C¢Hg) and charged moieties (-NH;"
and -COO™ ) within its molecular structure, and the coexistence of
these features has been suggested to be essential for the expres-
sion of IRI activity. However, zwitterionic polymers bearing
charged moieties in their side chains and hydrophobic main
chains do not universally exhibit IRI activity, and the observed
outcome is case-dependent.”'® Comprehensive understanding in
this field is still lacking.

In this study, we synthesized zwitterionic polymers from
zwitterionic monomers that exhibit IRI activity and investigated
the effects of polymeric structures on their IRI activity. As zwitter-
ionic monomers, we synthesized amino acid-based monomers
with distinct hydrophobicity based on the acrylic moieties and
alkyl chains; 1-serine methacrylate (SerMA), ir-serine acrylate
(SerAc), 1-2,3-diaminopropanoic acid acrylamide (ApaAm), and
r-ornithine acrylamide (OrnAm) (Fig. 1 and Fig. S1-54). The four
monomers derived from a-amino acids can exist as zwitterions in
aqueous solution. The IRI activity of the synthesized monomers
was evaluated using the splat-cooling assay.""" A 10 pL aliquot of
a monomer solution in a 10 mM phosphate-buffered saline (PBS)
was dropped from a height of 1.4 m onto a glass coverslip
precooled to —78 °C. The resulting thin ice wafer was transferred
to a cooling stage and incubated at —8 °C for 30 min to allow
recrystallization. The mean largest grain size (MLGS) of the ice
crystals after recrystallization was measured (um) and compared
with that of a PBS control, with MLGS (%) calculated as the ratio
(n = 10). Phenylalanine, used as a positive control, exhibited low
MLGS values (5.7-21.5%) at concentrations of 5-20 g L™, con-
sistent with previous studies (Fig. 2 and Fig. S14)."° In contrast,
-serine, which possesses a polar moiety but lacks a hydrophobic
moiety, exhibited high MLGS values (71.5-78.6%) across all
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Fig. 1 Chemical structures of polymerizable zwitterionic monomers in
the current study and schematic illustration of the polymer synthesis.
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Fig. 2 Ice recrystallization inhibition activity of the compounds evaluated

by the splat-cooling assay. (A) Representative micrographs of ice crystals
formed in the presence of L-phenylalanine, L-serine, and L-serine acrylate
(SerAc) dissolved in PBS at 5 g L™, Scale bars represent 40 pm. (B) Mean
largest grain size (MLGS) of each compound relative to a PBS control,
expressed as a percentage. Error bars represent the standard deviation
from at least three measurements. Statistical significance was determined
by one-way ANOVA (*P < 0.05 and **P < 0.01).

concentrations, indicating negligible IRI activity. Interestingly,
the synthesized zwitterionic monomers SerAc, ApaAm, and
OrnAm exhibited IRI activity comparable to that of phenylalanine.
These findings suggest that acrylic moieties of the monomers are
more favorable for IRI activity than the hydroxyl group of L-serine.
The different length of alkyl-chains of ApaAm and OrnAm did not
provide difference in their IRI activity. Relatively low IRI activity of
SerMA is likely due to its low solubility in PBS even at 5 g L.
We then aimed to enhance IRI activity by polymerizing
SerAc, which exhibited the highest IRI activity among the
monomers. We synthesized the zwitterionic polymer of SerAc
via oxygen-tolerant photo-reversible addition-fragmentation
chain transfer (RAFT) polymerization, a type of living radical
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Fig. 3 Ice recrystallization inhibition activity of the compounds evaluated

by the splat-cooling assay. Mean largest grain size (MLGS) of each
compound relative to a PBS control, expressed as a percentage. Error bars
represent the standard deviation from at least three measurements.
Statistical significance was determined by one-way ANOVA (**P < 0.01).

polymerization (Table S1 and Fig. S6-S8)."”'° Three types of
SerAc polymers with distinct molecular weights were obtained
(SerAcy, SerAcgs and SerAc;,g). Surprisingly, both SerAcgs and
SerAc;,g showed suppressed IRI activity at concentrations of
10-20 g L~ (Fig. 3 and Fig. S14). Furthermore, the shortest
polymer, SerAc,,, exhibited MLGS values comparable to a
negative control (polyethylene glycol, PEG) at 5-20 g L™,
indicating a complete lack of IRI activity of the zwitterionic
groups. Dynamic light scattering measurements showed no
aggregation behaviors of the polymers in PBS (Fig. S13). These
results indicate that polymerization of SerAc led to decrease in
intrinsic IRI activity. It is noteworthy that SerAcgs; and SerAc;,g
still retained superior IRI activity compared to PEG.

We hypothesized two possible reasons for the decrease in
IRI activity of SerAc upon polymerization: (i) electrostatic
interactions between neighboring zwitterionic moieties along
the polymer chain due to their close proximity, and (ii) the
crucial role of the vinyl group in the monomer for ice interactions,
which is lost upon polymerization. To suppress intramolecular
electrostatic interactions, nonionic monomers were randomly
incorporated into the zwitterionic polymer. Methyl acrylate
(MA), methoxyethyl acrylate (MEA), hydroxyethyl acrylate (HEA),
and N,N-dimethylacrylamide (DMA) were copolymerized with
SerAc. The target copolymerization ratio was 50 mol%, resulting
in random copolymers-SerAc,oMA, 1, SerAc,sMEA,, SerAc,gsHEA;-,
and SerAc,sDMA,,-each containing comparable amounts of
zwitterionic groups to SerAc,, (Table S2 and Fig. S9-12). The
synthesized copolymers exhibited MLGS values in the range of
36-53% at 10 g L™ ' and 15-44% at 20 g L™ " (Fig. S15 and S16).
Although slight differences in MLGS values were observed
depending on the structure of the nonionic comonomers, copo-
lymerization did not result in a significant improvement in IRI
activity compared with the SerAc homopolymer.

Next, for comparison with SerAc, we synthesized L-propionyl
serine (ProSer), a zwitterionic compound lacking a vinyl group,
and evaluated its IRI activity (Fig. S5). At concentrations of
5-10 g L™, ProSer did not exhibit any inherent IRI activity

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Cryoprotection of sheep red blood cells using a 10 wt% DMSO
solution, a SerAc solution (10 g L™ in PBS), and a SerAcgs solution (10 g L™*
in PBS). Cell viability after a single freeze—thaw cycle is expressed as a
percentage. The experiments were triplicated. Statistical significance was
determined by one-way ANOVA (*P < 0.05 and **P < 0.01).

(Fig. 3 and Fig. S14). The pronounced difference in IRI activity
observed between SerAc and ProSer suggests that the presence
of the vinyl group plays a crucial role in the high IRI activity of
SerAc. To elucidate the differences in the IRI activity in terms of
the hydration structures of the zwitterionic molecules, we
conducted molecular dynamics (MD) simulations (Table S3
and Fig. $17-20).>° The three types of zwitterions have the
effect of breaking the hydrogen bonds between water molecules
and tendency to accelerate the dynamics of water. However,
phenylalanine, SerAc, and ProSer exhibited similar hydration
structures in the simulation at 300 K, likely due to the dominant
contribution of the zwitterionic moiety to hydration under these
conditions. To further clarify the relationship between molecular
structure and IRI activities, MD simulations under low-
temperature conditions are likely required."®*'* Based on these
findings, we conclude that the loss of IRI activity upon polymer-
ization is attributed to the absence of the vinyl group, which
disrupts the hydrophilic-hydrophobic balance or electron-rich
structural features that are essential for ice-binding interactions.

Finally, we evaluated cryoprotective effects of the synthe-
sized SerAc-based polymers using sheep red blood cells (RBCs).
The following solutions were added to cryopreservation vials
together with 500 pL of the RBC suspension: a 10 wt% DMSO
solution, SerAc solutions (10 g L™ " in PBS), and SerAcgs solutions
(10 g L' in PBS). After a single freeze-thaw cycle, hemoglobin
leakage was quantified to assess the extent of freezing-induced
RBC damage, and the RBC protection efficiency (RBC recovery)
was calculated (Fig. 4). The recovery values for SerAc and SerAcgs
were consistently low (7.8% to 24.1%) compared with PBS alone
(24.4%). These results indicate that the synthesized zwitterionic
monomers and polymers did not exhibit -cryoprotective
effects toward RBCs. In contrast, other zwitterionic polymers,
such as poly(carboxybetaine methacrylate) (PolyCBMA) and poly-
(sulfobetaine methacrylate) (PolySBMA), have been reported to
show excellent cryoprotective effects on chondrocytes and
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are being investigated as alternatives to DMSO-based cryo-
protectants.>* ¢

In conclusion, we synthesized zwitterionic monomers
derived from amino acids and demonstrated that these mono-
mers exhibited IRI activity comparable to that of phenylalanine,
which is known for its high antifreeze activity. We further
prepared homopolymer and random copolymers incorporating
zwitterionic units. Although polySerAc exhibited reduced IRI
activity compared with its monomeric counterpart, it still
retained IRI activity. Control experiments revealed that the loss
of the vinyl group of SerAc was a key factor contributing to the
decrease in IRI activity. Furthermore, PolySerAc did not exhibit
cryoprotective effects toward RBCs, in contrast to other zwitter-
ionic polymers that have been reported to possess cryoprotec-
tive properties. These findings of the current study contribute
to elucidate the mechanisms of antifreeze materials incorpor-
ating zwitterionic moieties.
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