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Synthetic cryoprotectants with macromolecular structures are desir-
able as alternatives to commonly used ones. Herein, we prepared an
amphipathic polymer library and evaluated the cryoprotective ability
of the polymers by facile screening using red blood cells. The
cryoprotective properties of the amphipathic polymers was indepen-
dent of both the log P values of the hydrophobic groups and the ice
recrystallization inhibition activity.

Cryopreservation, the process of preserving materials at tem-
peratures below 0 °C, is an essential process in food, clinical,
and biomedical science."™ To avoid damage to cells through
recrystallization of the ice crystals during the cryopreservation,
cryoprotectants are used. Dimethyl sulfoxide (DMSO) and gly-
cerol are commonly used cryoprotectants.’ These molecules
interact with water molecules resulting in a decrease in the
freezing point (water becomes a glassy state). However, because
the action of these small-molecule cryoprotectants is colliga-
tive, a high concentration is required, which can cause cyto-
toxicity because these compounds can permeate the cell
membrane. Organisms living in cold regions express antifreeze
proteins (AFPs) to protect against the freezing of tissues at
freezing temperature.*® AFPs have the ability to control ice
nucleation and growth. One of the function of AFPs is the
inhibition of ice recrystallization, which is caused by the strong
binding of AFPs on the surfaces of small ice particles.”™* AFPs
are expected to be used as new cryoprotective materials to solve
the problems of the currently used cryoprotective agents
because of their high antifreeze activity and impermeability
to cell membranes." However, the extraction and purification of
AFPs from natural sources are expensive, and alternative cryo-
protectants that are easier to produce are desirable.
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Antifreeze protein-mimetic materials made of synthetic
polymers have been studied as alternative materials to natural
AFPs. These mimetics do not permeate cell membranes and
can protect cells when used in small amounts.'*° Previous
reports by Gibson et al. have suggested that the presence of
both hydrophilic and hydrophobic moieties in the same mole-
cule (amphipathicity) in synthetic polymers is important for ice
recrystallization inhibition (IRI) activity.”* It has also been
shown that the hydrophobic residues in antifreeze protein
molecules are important for ice binding, and interaction with
the cell membrane, in the cryoprotection of erythrocytes.>?
Therefore, amphipathic synthetic polymers may be excellent
cryoprotectants. Different from the natural amino acids in
protein polymers, there are a wide variety of hydrophobic
functional groups that can be incorporated in synthetic poly-
mers, and the ratios of different functional groups in the
molecule can be easily controlled by the polymerization proce-
dure. However, how the types and ratios of hydrophobic func-
tional groups in amphipathic polymers affect the cryoprotective
properties for the cell preservation is not well understood.

Herein, we comprehensively synthesized amphipathic poly-
mers composed of hydrophilic and hydrophobic monomers
using photoinduced electron/energy transfer-reversible addition-
fragmentation chain transfer (PET-RAFT) polymerization.>*>>
Such photoinduced polymerization can enable the preparation
of a library of polymers with various compositions at one time on
a 96-well plate.**>> To enable sequential application to the
screening of cryopreservation activity, we sought a polymerization
solvent system for the amphipathic polymers that could be easily
removed in vacuo after the reaction. Eosin Y, which is a photo-
catalyst for PET-RAFT polymerization, was dissolved in a mixture
of water and ethanol (1/1 vol%) with the hydrophilic monomer
(N,N-dimethylacrylamide; DMA), RAFT agent, and an amine com-
pound (triethylamine or triethanolamine). The polymerization
proceeded under irradiation of green light (4 = 527 nm) without
degassing. Triethanolamine provided better control of dispersity
at a high conversion rate than triethylamine (Fig. S1 and Table S1,
ESIY). The rate of the polymerization reaction was dependent on

© 2023 The Author(s). Published by the Royal Society of Chemistry


https://orcid.org/0000-0002-8387-7259
https://orcid.org/0000-0001-8590-6079
http://crossmark.crossref.org/dialog/?doi=10.1039/d3ma00251a&domain=pdf&date_stamp=2023-07-19
https://doi.org/10.1039/d3ma00251a
https://doi.org/10.1039/d3ma00251a
https://rsc.li/materials-advances
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ma00251a
https://pubs.rsc.org/en/journals/journal/MA
https://pubs.rsc.org/en/journals/journal/MA?issueid=MA004015

Open Access Article. Published on 14 July 2023. Downloaded on 1/15/2026 3:32:14 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Communication

Hydrophobic monomers Hydrophilic monomer

View Article Online

Materials Advances

Amphiphilic polymer library

' Recovery (%)
AP AP A~ RAFT agnet o
o = [ [ ® | v (O o
T\k //\( Triethanoleamine o) 050 S
Name |LP LX LH + | A — = HN
\
log P 0.94 1.35 1.77 DMA H20/EtOH R Absorbancs
0 0 0 0 rt.1h (A =576 nm)
/:Nf /:Nf /:Nf /:Nf Monomer types: 11
\I:\ \q\/ l( q\ Monomer ratio: 10 and 20 mol%
BP BH P NP =) 22 types of amphipathic polymers
0.91 1.74 0.85 1.04 Green light LED <
. RBCs Freezing . N
..+ Thawing
/HN 0. /HN 0 /HN 0 /:N(O A =527 nm Solvent removal /) . (-196 °C, 20 min) )
/1N +PBS soluti /.
O O S solution f . . 74 Supernatant
96-well plate
cP cXx CH cB > S >
0.41 1.25 1.24 1.01 ! =

Fig. 1 Schematic illustration of the preparation of an amphipathic polymer library by PET-RAFT polymerization.

the equivalents of triethanolamine in the system, indicating
that triethanolamine generated a radical species to start
the polymerization in combination with excited Eosin Y
(Fig. S1, ESIf). To avoid an excess amount of generated radical
species, the use of one equivalent of triethanolamine to the
RAFT agent was determined to be optimal for the reaction.

A library of amphipathic copolymers was prepared in a
96-well plate under the optimal conditions determined above.
A total of 11 hydrophobic monomers with linear, branched, and
cyclic hydrogen carbon chains, each with 5, 6, or 7 carbons in
the chain were selected (Fig. 1). These hydrophobic monomers
had different hydrophobicity, as described by the log P values.
Each hydrophobic monomer was designated as a two-letter
alphabetic abbreviation. In each well, DMA and the hydropho-
bic monomers were dissolved at various ratios and polymerized
by light irradiation for 60 min. Polymers with various monomer
compositions (DMA: hydrophobic monomers) were prepared in
each well. To ensure the solubility of the amphipathic polymers
during the polymerization, the target degree of polymerization
was set as 50. Because some of the reaction solutions became
cloudy or viscous at more than 30 mol% of hydrophobic
monomer, because of the insolubility of the amphipathic
polymers in the cosolvent system, the library was composed
of 10 and 20 mol% of hydrophobic monomers (Table 1).
Conversion ratios were over 90% for all the polymers, except
20CX. Size exclusion chromatography (SEC) analysis revealed
that dispersity range of the obtained polymers was relatively
narrow. Although the polymer containing 20 mol% of N,
N-heptylacrylamide (20LH) showed a non-unimodal peak
because of the high hydrophobicity of LH, the other polymers
showed the unimodal peaks indicating that the PET-RAFT
copolymerization was well controlled (Fig. S2, ESIf).

The cryoprotective property of the synthesized polymers was
evaluated by a cryopreservation test using red blood cells
(RBCs).”® A samples of the polymer solution (40 pL) in each
well was added to a microtube, and the solvent was dried
in vacuo. The residual solids were redissolved in PBS solution
to give a polymer concentration of 10 g L. The polymer
solution and the RBC suspension were mixed (60 pL each, a
total of 120 pL per well) and frozen using liquid nitrogen

© 2023 The Author(s). Published by the Royal Society of Chemistry

vapour for 20 min. The frozen samples in the plates were
immediately thawed in an incubator (45 °C for 15 min), and
RBCs in the wells were precipitated by centrifugation. The
supernatants were mixed with AHD solutions in another plate,
and haemolysis was evaluated by measuring the absorbance at
576 nm on a plate reader. The percent recovery of the RBCs with
the polymers was calculated, and the values were summarized
in a heat map (Fig. 2). Although the additives in the polymer-
ization solution were not purified, those did not affect the
cryoprotective activity (Table S2, ESIf). DMA homopolymer
(PolyDMA) and 10NP (consisting of 10 mol% of neopentyl
acrylamide) showed the highest value of the compounds in
the polymer library (RBC recovery = 70 and 71%, respectively).
These values were higher than those of DMSO and glycerol at
the same concentration (10 g L™"; RBC recoveries were 63% and
46%, respectively), suggesting that those polymers are effective
cryoprotectants for RBCs. Although we anticipated that the
cryoprotective activity of amphipathic polymers would be
related to the log P values of the hydrophobic monomers, the
plots of percent recovery versus the log P values of the hydro-
phobic monomers showed no correlation (Fig. S4, ESIt). This
result indicated that there must be another factor that deter-
mines the cryoprotective properties of the polymers. Dynamic
light scattering measurements demonstrated that the polymers
were dissolved in PBS solution as single molecules, except 10LP
(Table 1 and Fig. S3, ESIf), and thus involvement of the
influence of self-assembly of the amphipathic polymers was
eliminated.

To examine the mechanism for the cryoprotection of the
RBCs, the IRI activity of the polymers was evaluated by
the “splat-cooling”” assay.>*™*> Solutes with IRI activity reduce
the size of ice crystals during annealing at sub-zero tempera-
tures (—8 °C). The mean largest grain size (MLGS) of the
synthesized polymer showing the highest percent recovery of
RBCs (10NP) was 79% (relative to PBS control) at 10 g L™ " after
annealing for 30 min (Fig. 3 and Table S2, ESIt). Considering
the MLGS of 10LP (86%) and 10CP (106%), which showed a low
percent recovery, these results suggested that the cryoprotective
properties of 10NP, 10LP, and 10CP did not depend on the IRI
activity (Fig. 3). It should be noted that these MLGS values were
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Table 1 Amphipathic polymer library prepared by PET-RAFT polymerization®

Polymer Hydrophobic monomer ratio” (mol%) Conv.” (%) My sec (g mol ™) M, sec’ (g mol™) M, /M,° D% (nm)
10LP 10 93 1700 2300 1.32 102 £ 2
20LP 20 93 3700 4800 1.30 5.8 £0.5
10LX 10 95 2000 2400 1.25 4.6 £0.1
20LX 20 95 3800 5700 1.50 7.1 +0.1
10LH 10 95 2100 3000 1.40 7.8 £0.3
20LH 20 94 4200 6800 1.61 10.7 £ 0.2
10BP 10 97 2200 3000 1.39 4.3 £0.1
20BP 20 95 4100 5500 1.33 4.5 + 0.1
10BH 10 95 2100 3000 1.46 49 £ 0.7
20BH 20 92 4200 5600 1.35 10.5 £ 0.3
10IP 10 93 1800 2300 1.29 3.8+0.3
20IP 20 94 4300 5700 1.30 4.6 £ 0.2
10NP 10 96 1800 2200 1.24 4.0 £ 0.2
20NP 20 90 4300 5500 1.28 4.5+ 0.1
10CP 10 95 1900 2300 1.23 4.5 £ 0.2
20CP 20 95 3700 5000 1.35 5.6 £0.1
10CX 10 95 1900 2500 1.33 5.4 +0.2
20CX 20 81 4100 5200 1.29 7.9 +£03
10CH 10 95 2400 3100 1.27 5.5+ 0.1
20CH 20 91 3900 5200 1.36 6.6 = 0.7
10CB 10 95 2000 2400 1.23 5.2 £0.2
20CB 20 90 4000 5100 1.28 4.6 £ 0.2

“ Monomer concentration was 1 M in H,O:EtOH (1:1). > Monomer conversion and incorporated ratio of the hydrophobic monomers were
determined by "H NMR measurements.  Molecular weight and dispersity were determined by SEC analysis (N,N-dimethylformamide with 10 mM
LiBr as eluent) calibrated to a polymethylmethacrylate standard. 4 Hydrodynamic diameter was determined by dynamic light scattering (10gL"in

PBS at 25 °C).
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Fig. 2 Heat map showing post-thaw RBCs recovery outcomes using
10 g L™* of polymer. Recoveries are the average of three repeats.

higher than that of polyvinyl alcohol, which is a representative
IRI active polymer (MLGS less than 20% at > 0.5 g L™1),*®
suggesting that the IRI activity of the synthesized amphipathic
polymers was not high.

Next, the interaction of the amphipathic polymers and RBCs
was evaluated. Meister and co-workers have reported that the
interaction of antifreeze proteins with the cell membrane is
important for the cryopreservation of cells through the stabili-
zation of the membrane structure under physical stress.*® We
propose that such an interaction of the synthesized amphi-
pathic polymers with the membranes of RBCs may be involved
in the cryoprotective property. However, the interactions of the
amphipathic polymers with cell membranes may cause damage
to the cells. Thus, we evaluated the cytotoxicity of the polymers

3194 | Mater. Adv., 2023, 4, 3192-3196
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Fig. 3 Ice recrystallization inhibition activity of the amphipathic polymers
as measured by the splat assay. (a) Example micrographs showing ice
crystals grown in PBS alone (left) and with 10NP (10 g L2, right); (b) Mean
largest grain size (MLGS) of each polymer relative to a PBS control,
expressed as %. Error bars represent the standard deviation from at least
three measurements.

towards RBCs during incubation. After incubation for 2 h at
room temperature, the amphipathic polymers containing
hydrophobic groups with high log P values (>1.24) showed
collapse RBCs even with a 10 mol% ratio of hydrophobic groups
(Fig. 4). The polymers with 20 mol% of hydrophobic monomers
showed a higher percentage of collapsed RBCs. This result

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Cytotoxicity of the amphipathic polymers toward RBCs after
incubation for 2 h at room temperature (n = 2). Concentration of the
solutes was 10 g L%

indicated that the incorporated hydrophobic groups enhanced
the interaction of the polymers with the cell membranes of the
RBCs, resulting in the release of haemoglobin. Although both
NP and BP polymers showed no cytotoxicity towards RBCs, the
percent recoveries of RBCs in the cryopreservation test of NP
polymers were higher than those of BP polymers. This result
indicated that moderate hydrophobicity of the amphipathic
polymers was effective for cryoprotective activity.

In conclusion, an amphipathic polymer library was prepared
by photoinduced polymerization in a mixture of water and
ethanol, and the samples were evaluated in a cryopreservation
test using RBCs. The polymers containing a 10 mol% of N-neo-
pentylacrylamide (10NP) showed the highest percent recovery
of RBCs among the synthesized polymers, and this value was
higher than those of DMSO and glycerol at a concentration of
10 g L. Subsequent evaluation revealed that neither the log
P value of the hydrophobic groups nor the IRI activity was
correlated with the cryopreservation activity. Several papers are
suggesting other mechanisms as key factors in cryopreservation
(e.g., the interactions with cell membranes®® and dehydration
process during freezing®”*®). Further investigation of amphi-
pathic polymers synthesized using controlled polymerization
techniques is required to reveal the correlation between the
polymer structures and the cryoprotectant activity.
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