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Ice growth mitigation is a pervasive challenge for multiple industries. In nature, ice-binding
proteins (IBPs) demonstrate potent ice-growth prevention through ice recrystallization inhibition
(IRI). However, IBPs are expensive, difficult to produce in large quantities, and exhibit minimal
resilience to non-physiological environmental stressors, such as elevated pH. For these reasons,
researchers have turned to polymeric bioinspired mimics. To-date, however, no mimic has rivaled
the ability of native IBPs to display IRI activity at ultra-low nanomolar concentrations. In this
work, we study the IRI activity of peptides and polypeptides inspired by common ice-binding
residues of IBPs to inform the synthesis and characterization of a potent bioinspired polymer

mimic. We show first that the threonine polypeptide (pThr) displays the best IRI activity in



phosphate-buffered saline (PBS). Second, we use pThr as a molecular model to synthesize and test
a new bioinspired polymer mimic, poly(2-hydroxypropyl methacrylamide) (pHPMA). We show
that pHPMA exhibits potent IRI activity in neutral PBS at nanomolar concentrations. These results
substantiate that pHPMA outperforms poly(vinyl alcohol) (PVA), the current top performing IBP
mimic in the field, in terms of effectiveness at mitigating ice crystal growth at concentrations akin

to native IBPs.

Introduction

Water is one of the only substances on earth that expands when it freezes. A unit volume of
water can expand by 9% upon crystallization,'? which can cause damage to a multitude of water-
containing materials and systems. For example, ice expansion during cryopreservation can damage
proteins or rupture cells.’ In food preservation, the growth of ice crystallites can alter the texture
of foods, rendering them unpalatable.”® In infrastructure, the cyclic freezing and thawing of water
within concrete can induce cracking and failure.’>!! Methods of preventing ice growth and
subsequent damage can extend the service life of materials, which can save money, resources, and
time in the process.

In nature, a multitude of organisms have evolved to solve the ice expansion problem. Ice-binding
proteins (IBPs) are a diverse category of proteins that have emerged through convergent evolution
among different organisms, including plants,'>!3 fungi,'>!%!5 fish,!*!® insects,? and
microorganisms.'?2!22 Although IBPs display a variety of structures, genomic sequences, and ice-
binding residues,?*?* IBPs demonstrate a similar function: preventing ice crystal growth. The
prevailing mechanism by which IBPs inhibit ice growth postulates that ice-interaction is facilitated
by quasi-liquid anchored clathrate-waters at the ice-IBP interface that align with the ice-lattice of

nascent crystals and increase the energy required for expansion of the ice front.?>232¢ While the



exact mechanism is still up for debate, genetic mutation studies have demonstrated that polar
residues play a critical role.?’=!

IBPs display ice recrystallization inhibition (IRI) activity, a measure of ice growth mitigation,
in nanomolar concentrations.?*?* However, IBPs are difficult to produce in large quantities®>** and
can lose function in non-physiological environments. In a previous study by the authors, an IBP
from Shewanella frigidimarina demonstrated IRI activity in alkaline solutions (pH < 12.7) despite
partial denaturation.** However, IRI activity was lost at higher pH due to further denaturation and
subsequent degradation. While promising, these results demonstrate limited applicability for
native IBPs in applications such as cement paste and concrete, in which pore solution pH can
exceed 13.5.%

Polymer mimics exhibit unique advantages over native IBPs. Synthetic polymers offer benefits,
including increased stability in non-neutral solutions, production scalability, and tunability of
pendant moieties, molecular weights, and architectures. Poly(vinyl alcohol) (PVA) has exhibited
promising biomimetic IRI activity in neutral and pH 13 solutions.*-® One study demonstrated that
27 kDa PVA displays moderate IRI behavior at 1.6 uM,* which approaches the nanomolar
efficacy of IBPs. However, one drawback of PVA is its potential to cryogelate, namely to form a
physically cross-linked polymer network around ice crystals during freeze-thaw cycling.**4!
Cryogelation may limit the applicability of PVA as molecules must be present in solution for ice
growth inhibition.*

We posit that understanding the contribution of pendent functional groups found on residues
responsible for ice-binding in IBPs would facilitate the fabrication of a synthetic IBP mimic with
enhanced IRI activity at nanomolar concentrations. Taking inspiration from native IBPs, we first

determined which ice-binding polypeptide residue exhibited the best ice growth inhibition in



neutral phosphate-buffered saline (PBS). We determined that the polypeptide, poly(threonine)
(pThr), demonstrated the highest IRI activity in PBS. Threonine is a common residue found on the
ice-binding face of IBPs,**3! and our work elucidated that it is able to elicit IRI activity as a homo-
polypeptide even without the lattice matching provided by protein structure, demonstrating a novel
contribution for determining a potent pendant moiety for synthetic mimics. Using pThr as a
molecular model, we synthesized a molecular weight sweep of a bioinspired synthetic mimic,
poly(2-hydroxypropyl methacrylamide) (pHPMA), and investigated potential for IRI activity in
PBS and in alkaline PBS solutions to determine potency and resiliency of IRI activity at neutral
and elevated pH. We determined that pHPMA demonstrated IRI activity at low molecular weights
and nanomolar concentrations, thereby rivaling the potency of native IBPs and outperforming
PVA, the leading synthetic in the field. Additionally, pHPMA retained potent IRI activity in pH
13 PBS solution, demonstrating a unique advantage over native IBPs with increased resilience for
applications in chemically aggressive non-physiological environments. Our results substantiate
that pHPMA offers a revolutionary bioinspired synthetic solution for mitigating ice crystal growth

for a myriad of materials science and engineering applications.

Materials and Methods

Materials. 1-threonine (Thr), 1-arginine (Arg), I-glutamic acid (Glu), 7.6 kDa poly(l-threonine)
(pThr), 15 kDa poly(l-arginine) (pArg), 12.1 kDa poly(l-glutamic acid) (pGlu), and 45 kDa poly(2-
hydroxypropyl methacrylamide) (pHPMA) were purchased from Sigma Aldrich to test for ice
interactions without further purification. Molecular weights for homo-polypeptides and 45 kDa
pHPMA were provided by Sigma Aldrich (Supplementary Table 1). The authors synthesized other

molecular weights of pHPMA in-house. Phosphate buffered saline (PBS) was purchased from



Fisher Scientific without further modification. NaOH was utilized to create PBS solutions with a
pH of 8,10, 12, or 13. All other materials were purchased through Sigma Aldrich and used without
further purification unless otherwise mentioned. Methacryloyl chloride was vacuum distilled twice
and stored in a freezer (-20 °C) under nitrogen until use. All syntheses and polymerizations were
performed under nitrogen atmosphere at ambient temperature. Nuclear magnetic resonance
spectroscopy (NMR) experiments were performed on a Bruker AVIII (US) 400 MHz spectrometer
(FT 400 MHz 'H). Chemical shifts were referenced to an internal solvent signal and are reported
in parts per million relative to tetramethyl silane. Polymer molecular weights were calculated
utilizing monomer conversion through quantitative 'H NMR relative to dimethylformamide

internal standard.

Determination of a molecular model. Peptides (Thr, Arg, Glu) and homo-polypeptides (pThr,
PArg, pGlu) were loaded into PBS at a concentration of 10 mg/mL unless otherwise stated. Glu
had a maximum concentration of 8.6 mg/mL due to solubility limitations and was compared
against 10 mg/mL concentrations for other peptides. Figure 1 shows the chemical structure of the
peptides and homo-polypeptides used in this study. The pendant functional group for peptides
chosen for this study were inspired by the ice-binding residues of IBPs, which typically exhibit
polar structures with the ability to interact with polar water and ice. For this study, a neutral polar,
cationic polar, and anionic polar structure were chosen to determine the best pendant functionality
for ice interaction in neutral solution. The material with the best ice recrystallization inhibition

activity in PBS was used to determine the molecular model for synthetic replication.
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Figure 1. Chemical structure of molecules investigated in this study. Top row: peptides (Thr, Arg,
Glu) and synthetic Thr mimic 2-hydroxypropyl methacrylamide (HPMA). Bottom row: homo-
polypeptides (pThr, pArg, pGlu) and synthetic pThr mimic poly(2-hydroxypropyl

methacrylamide) (pHPMA).

Ice Recrystallization Inhibition Activity. To determine ice recrystallization inhibition (IRI)
activity, a splat assay was adapted from Knight ez al ** Briefly, peptides (Thr, Arg, Glu) and homo-
polypeptides (pThr, pArg, pGlu) were loaded in PBS at a concentration of 10 mg/mL. 10 yL
samples were dispensed onto a microscope slide on top of an aluminum block chilled with dry ice
from 1.7 m through a PVC pipe to obtain a monolayer of ice crystals. The slide was then transferred
to an Otago nanoliter osmometer sample stage and annealed at -4 °C. The temperature was
monitored using a bead-type thermocouple. Images were collected immediately after the splat was
performed (to) to verify polycrystalline ice formation and again at 30 minutes (t3) to observe ice

recrystallization. Images were obtained using an Olympus BX41 microscope with an Olympus



PLN 10X objective, equipped with an Axiocam 506 color camera on a 1” 1.0x 60N C-mount
adapter. Splats were performed in triplicate. Similar to precedent research 4> IRI activity was
determined through direct measurement of the mean largest grain size (MLGS) of ice crystals that
formed in solution. ImageJ image processing software version 1.48v (National Institutes of Health,
USA) was used to estimate the MLGS along the major axis. Data were collected by counting 10
of the largest grains from three different regions per splat to determine an average grain size (n =
90) at t; for each sample type. Based on IRI activity in PBS, pThr was determined to be the best
performing homo-polypeptide, and the chemical structure for the threonine residue was used as a
molecular model to choose a synthetic replicate, 2-hydroxypropyl methacrylamide (HPMA) and

its respective polymer, pHPMA.

Threonine Synthetic Mimics

Synthesis of 2-hydroxypropyl methacrylamide. The molecule 2-hydroxypropyl methacrylamide
(HPMA) and its respective polymer were chosen as a synthetic mimic for threonine, and their
chemical structures can be seen in Figure 1. HPMA was chosen as a synthetic replicate for
threonine because (a) the similarity of the pendant functional group (i.e., a hydroxyl adjacent to a
methyl) and (b) the presence of an amide linkage. HPMA synthesis was performed by modifying
a previously published protocol.** Briefly, a flame-dried, two-neck round bottom flask with a stir
bar was charged with anhydrous dichloromethane (51 mL), Na,CO; (0.22 moles, 1.1 eq.), and
stirred to create a suspension. The reaction vessel was placed in an isopropanol:dry ice bath, and
the solution temperature was lowered to -10 °C prior to adding 2-aminopropanol (0.20 moles, 1
eq.). Distilled methacryloyl chloride (0.20, 1 eq) was diluted by anhydrous dichloromethane (19

mL) then added to the reaction solution dropwise over 30 minutes through a flame dried addition



funnel during vigorous stirring. The temperature was maintained between -10 °C to -5 °C
throughout the course of addition. The reaction was allowed to proceed as solution warmed to
ambient temperature over 22 h. The reaction solution was then centrifuged (2500 RPM, 5 min),
decanted, solids removed, then crystallized in dichloromethane at -20 °C overnight. Crystals were
collected, dissolved in acetone, and then recrystallized at -20 °C overnight. The HPMA was
collected as white crystals (8.6 g, 60 mmoles, 30% yield) and verified using 'H NMR
(Supplementary Figure 1).

Synthesis of poly(2-hydroxypropyl methacrylamide). To probe the potency of IRI activity of
pHPMA, target molecular weights between 1.5 kDa and 25 kDa were synthesized using reversible
addition-fragmentation chain transfer (RAFT) polymerization. Each RAFT polymerization
proceeded as follows. In a nitrogen glove box, 4-cyano-4-
[(dodecylsulfanylthiocarbonyl)sulfanyl]pentanoic acid (CTA) and azobisisobutyronitrile (AIBN)
were weighed out into a 20 mL scintillation vial, taken out of the glove box, and dissolved in an
appropriate amount of HPLC grade methanol to fully dissolve the CTA and AIBN. HPMA (3.5
mmoles) was weighed and added directly to a storage flask with stir bar. The CTA/AIBN solution
was transferred to the storage flask prior to sealing the flask under nitrogen and undergoing five
freeze-pump-thaw cycles (<75 millitorr vacuum). The flask was then sealed under nitrogen and
placed in a 70 °C oil bath. The reaction was allowed to proceed for 16 h then quenched by placing
in ice bath and exposing to air, prior to precipitating into acetone:diethyl ether (2:1). An off-
white/yellow semi-gelled solid was obtained. The sample was dissolved in 15 mL deionized H,O,
frozen with liquid nitrogen and placed on a lyophilizer (1.5 days) to yield a spongy off-
white/yellow solid. Lower molecular weight (<5 kDa) samples underwent further purification post

freeze-dry due to high solubility similarity of polymer in relation to the CTA and monomer. Freeze



dried samples were suspended in acetone:ether and filtered (3 times) with increasing ether
percentage (5:1, 3:1, 1:1). Solid off-white/yellow powder was collected. pHPMA structure was
verified using 'H NMR (Supplementary Figure 2), and number average molecular weights were
calculated (Supplementary Table 2). Polymer molecular weights and distributions were verified
using SEC-MALS, and can be seen in Supplementary Figure 3. All pHPMA molecules are
referred to by their weight average molecular weight as determined by SEC-MALS.

IRI activity. Thr, pThr, HPMA, and 45 kDa pHPMA were loaded at 10 mg/mL into pH adjusted
PBS solutions (PBS pH 8, PBS pH 10, PBS pH 12, PBS pH 13). To examine the potency of pThr
and 45 kDa pHPMA, IRI activity was determined after performing 10-fold dilutions until IRI
activity in PBS was no longer observed. pHPMA with target molecular weights between 1 kDa
and 25 kDa were synthesize and tested using 10-fold dilutions until IRI activity in PBS was no

longer observed. IRI efficacy was determined using a modified splat assay, as described above.

Results and Discussion

Determining a molecular model. A molecular model for synthetic replicates was determined
by investigating the IRI activity of three peptides inspired by ice-binding residues of IBPs (Thr,
Arg, Glu) and their homo-polypeptide counterparts (pThr, pArg, pGlu). The IRI activity,
represented as percent mean largest grain size (MLGS) relative to PBS control solution for each
peptide or homo-polypeptide at 10 mg/mL can be seen in Figure 2a, and representative
micrographs at t;, are shown in Supplementary Figure 4. Peptides (Thr, Arg, Glu) and pArg did
not exhibit noticeable IRI activity. Both pThr and pGlu demonstrated IRI activity at 10 mg/mL in
PBS solution, seen as a reduction of MLGS by 65.2% and 59.3%, respectively. To determine if

pThr or pGlu would be a better model for a synthetic replicate, both pThr and pGlu were tested for



IRI activity using 10-fold dilutions (Figure 2b), and the homo-polypeptide that exhibited IRI at
lower concentrations was taken as the better performing molecule. Representative micrographs at
ts for dilutions are shown in Supplementary Figure 5. In PBS, pThr exhibited significant IRI
activity compared to PBS control solution at 1 and 0.1 mg/mL with reductions of 60.9% and
71.9%, respectively. pGlu did not inhibit ice growth at concentrations < 1 mg/mL, thus, pThr was
taken as the molecular model to use for synthetic replication. Previous genetic mutation studies
have shown that threonine is a common residue in IBPs to facilitate the organization of semi-liquid

waters at the ice-binding surface,**#¢ corroborating these results.

180 180

a b Cmr [ow
160 - 160 . Cpthr [ pGIu
140 - 140 -

N
o
—t—
N
o

201 20 + %
Thr  pThr Arg  pArg Glu  pGlu 0.1 1 10
Molecule (10 mg/mL) Concentration (mg/mL)

Figure 2. Ice recrystallization inhibition activity of peptides and polypeptides in PBS. a, Percent
mean largest grain size (MLGS) relative to PBS control solution for Thr, pThr, Arg, pArg, Glu,
and pGlu at 10 mg/mL in PBS. b, Percent MLGS relative to PBS control solution for Thr, pThr,
Glu, and pGlu at 0.1, 1, and 10 mg/mL in PBS. The gray band indicates the range of ice crystal
MLGS for the PBS control solution. Error bars represent standard deviation for 90 ice grains across

3 samples.
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Ice Recrystallization Inhibition Activity. pThr and 45 kDa pHPMA were tested for a minimum
concentration needed to exhibit IRI activity. The relative activity compared to PBS control solution
can be seen in Figure 3a. Thr and HPMA were also diluted and tested for IRI, however, as neither
Thr nor HPMA exhibited IRI activity, values were not reported. The relative activity compared to
the respective control solution, either PBS or alkaline PBS solutions, for Thr, pThr, HPMA, and
45 kDa pHPMA can be seen in Figure 3b and matches literature precedence for expected
growth .48 Representative micrographs at t;, for splats performed can be seen in Supplementary
Figures 6-8. Alkaline control solutions demonstrated varied crystal sizes at t; compared to PBS
due to contributions of solution constituents that effect the recrystallization process.*<° However,
as the estimated grain size of Thr, pThr, HPMA, and 45 kDa pHPMA was normalized to each
respective alkaline control solution, the reported %MLGS demonstrates the efficacy of each
molecule to inhibit growth in the respective environment.

45 kDa pHPMA demonstrated a concentration limit for IRI activity an order of magnitude lower
than pThr, seen as a reduction of ice crystal size at 0.01 mg/mL, whereas pThr exhibited an IRI
activity threshold at 0.1 mg/mL in PBS (Figure 3a). Both pThr and 45 kDa pHPMA exhibited IRI
activity at 10 mg/mL in all PBS pH solutions. Notably, pThr and 45 kDa pHPMA exhibited IRI
activity in pH 13 solution, seen as a 70.9% and a 79.6% reduction in ice crystal size, respectively.
In all environments, both Thr and HPMA demonstrated an average ice crystal size smaller than
control solutions; however, the reduction in ice crystal size was within error and Thr and HPMA
cannot be stated to have significant IRI activity. A previous study by Congdon et al. demonstrated
that IRI activity can be improved by ensuring IRI active moieties are proximal to each other,*
which corroborates the results seen herein where Thr and HPMA do not exhibit IRI activity, but

their respective polymers do. pHPMA exhibits higher IRI activity than pThr in alkaline pH
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solutions and at lower concentrations in PBS. As it has been shown that addressing the source of
ice expansion is beneficial to preventing freeze-thaw damage in highly alkaline concrete pore
solution (pH = 13),3! pHPMA would likely be a promising additive to cement paste or concrete to

prevent freeze-thaw damage.
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Figure 3. Ice recrystallization inhibition activity of pThr and synthetic mimic pHPMA. a, Percent
MLGS relative to PBS control solution for pThr and 45 kDa pHPMA at 0.0001, 0.001, 0.01, 0.1,
1, and 10 mg/mL. The gray band indicates the range of ice crystal mean largest grain size for the
PBS control solution. b, MLGS relative to the respective control solution for Thr, pThr, HPMA,
and 45 kDa pHPMA at 10 mg/mL in: PBS and PBS alkaline pH solutions. Error bars represent

standard deviation for 90 ice grains across 3 samples.

As the off-the-shelf 45 kDa pHPMA exhibited potent IRI activity, the author’s thought it

pertinent to investigate the effect of molecular weight on the IRI activity of pHPMA. Previous
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studies have demonstrated that IRI activity varies with polymer molecular weight, with a lower
molecular weight limit for polymers to demonstrate low to moderate IRI activity.***® Figure 4
demonstrates the effect of molecular weight and concentration on the IRI activity of pHPMA
compared to PBS control solution. Representative micrographs for splats at t;, can be seen in
Supplementary Figure 9.

All molecular weights of pHPMA demonstrated IRI activity to concentrations of 0.01 mg/mL in
PBS, seen as a reduction of MLGS between 50-80%. 32.8 kDa pHPMA demonstrated IRI activity
down to 0.001 mg/mL in PBS, seen as a ~40% reduction of MLGS compared to control solution.
0.001 mg/mL 32.8 kDa pHPMA equates to 30 nM, demonstrating exceptional IRI activity similar

to that of biological IBPs that exhibit IRI in nanomolar concentrations.?*2*
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Figure 4. Influence of molecular weight on ice recrystallization inhibition activity of pHPMA.
Percent MLGS relative to PBS control solution for 2.3 kDa pHPMA, 3.2 kDa pHPMA, 5.7 kDa
pHPMA, 12.7 kDa pHPMA, 32.8 kDa pHPMA, and 45 kDa pHPMA at 0.0001,0.001,0.01,0.1, 1,
and 10 mg/mL in PBS. The gray band indicates the range of ice crystal mean largest grain size for

PBS control solution. Error bars represent standard deviation for 90 ice grains across 3 samples.

Previous studies that report on IBPs in pH 13 solution found that the alkaline environment
disrupted the proteins ability to prevent ice crystal growth, such as a previous study by the authors
that demonstrated an IBP from the Antarctic bacterium Marinomonas primoryensis increased grain

size in pH 13 solution.” As the ice inhibition activity imparted by pThr and 45 kDa pHPMA is not
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reliant on secondary structure like IBPs, they offer a distinct advantage at preventing ice growth
in non-physiological environments compared to their biological counterparts. A previous study
performed by Burkey ef al.*” investigated the performance of PVA with a molecular weight of 27
kDa at 1 mg/mL in pH 13 solution and found that the reduction in crystal size was ~80%, further
corroborating that synthetics perform better in non-physiological environments than IBPs, offering
potential ice inhibition strategies in engineering applications, such as freeze-thaw mitigation in
cement and concrete in which the pore solution pH is = 13.

Other studies have looked at the effect of homo-polypeptides on ice recrystallization inhibition
in neutral solutions. Graham et al. found similar results for a 16.2 kDa poly(glutamic acid) and a
7.3 kDa poly(lysine) at 5 mg/mL in PBS, which exhibited a ~22% and a ~21% reduction,
respectively. In the study performed by Graham et al., the best performing molecule they tested
was a 1.7 kDa poly(d-proline), which exhibited a ~42% reduction of ice crystal size at 10 mg/mL
compared to the PBS control solution.>* A qualitative study performed by Knight ef al. investigated
homo-polypeptides inspired by IBP ice-binding residues and found the best performing was a 15
kDa poly-l-hydroxyproline, which exhibited ‘a lot’ of IRI activity from 0.1-1 mg/mL in saline, and
‘some’ at 0.01 mg/mL.>* These literature results corroborate that pHPMA outperforms the current
synthetic mimics in the field at similar molecular weights and concentrations to provide a
revolutionary bioinspired IRI active polymer.

PVA is a potent IRI active molecule with a pendant hydroxyl moiety on each repeat unit and
currently remains one of the most potent and widely studied synthetics that displays IRI activity.
An 8.6 kDa PVA has been shown to exhibit a grain size reduction of ~88% at 1 mg/mL and no
reduction at 0.1 mg/mL respective to PBS control solution.*® pThr, which has a similar molecular

weight of 7.6 kDa, comparatively exhibits a grain size reduction of ~61% at 1 mg/mL and a ~72%
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reduction at 0.1 mg/mL respective to PBS control solution, displaying higher activity than its PVA
counterpart. Similarly, a 43 kDa PV A exhibited a grain size reduction of ~95% at 1 mg/mL, ~91%
at 0.1 mg/mL, and ~19% at 0.01 mg/mL respective to the PBS control solution.?* Off-the-shelf
pHPMA, which has a comparable molecular weight of 45 kDa, exhibited a grain size reduction of
~66% at 1 mg/mL, ~73% at 0.1 mg/mL, and ~61% at 0.01 mg/mL respective to the PBS control
solution. It was determined that all pHPMA polymers outperformed PVA counterparts at similar
molecular weights. For example, at 0.01 mg/mL in PBS, 32.8 kDa pHPMA exhibited an 80%
reduction of ice grain size, whereas 27 kDa PVA demonstrated a 24% increase of ice grain size.*’
Additionally, at 0.1 mg/mL in PBS, 2.3 kDa pHPMA exhibited over twice the IRI activity as 1.5
kDa PVA, seen as a reduction in ice grain size of 74% compared to 30%, respectively. A visual
comparison between pHPMA to PV A of similar molecular weights can be seen in Figure 5, and
these results lend to the hypothesis that the threonine pendant moiety, a hydroxyl adjacent to a
methyl, may result in more potent IRI activity than PVA at similar molecular weights. IBPs have
been shown to demonstrate IRT down to nanomolar concentrations,”*?* and 32.8 kDa pHPMA
exhibited IRI activity at 0.001 mg/mL (30 nM), demonstrating that pHPMA has an IRI efficacy
rivaling that of IBPs.

While PV A exhibits potent IRI activity at low concentrations and in elevated pH environments,
it has been shown to cryogelate upon exposure to repetitive freeze-thaw cycling.**#! In contrast,
pHPMA has only been shown to crosslink in the presence of a chemical crosslinker.3- This creates
a unique advantage for pHPMA to supersede PVA as a novel, low-concentration additive to

mitigate ice crystal growth.
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Figure 5. Comparison of ice recrystallization inhibition activity between PVA and pHPMA in
PBS. The IRI activity of synthesized and off-the-shelf pHPMA was compared to previously studied
PVA of similar molecular weights as a function of concentration, where darker squares indicate
higher IRI activity. Values listed in each box represent mean largest grain size compared to control

solution. *Data from Phillips et al.*® *Data from Burkey et al.?” °Data from Congdon et al .3

Conclusions
This study examined the ability of three peptides (Thr, Arg, Glu) and their homo-polypeptides
(pThr, pArg, pGlu) to inhibit ice crystal growth in PBS. pThr exhibited the most promising IRI

activity in PBS and was then used as a molecular model to choose an off-the-shelf synthetic
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replicate to test in alkaline environments. 2-hydroxypropyl methacrylamide (HPMA) and its
respective polymer, pHPMA were investigated as a synthetic mimic as they exhibit a pendant
functional group similar to threonine. Thr, pThr, HPMA, and 45 kDa pHPMA were investigated
for IRI activity. 45 kDa pHPMA was shown to have IRI activity at ultra-low concentrations (0.01
mg/mL) in PBS and demonstrated an ~80% reduction in ice crystal size in pH 13 solution. After
determining that off-the-shelf pHPMA exhibited potent IRI activity, a molecular weight sweep was
synthesized and investigated for a lower limit of IRI activity. It was found that pHPMA with
molecular weights as low as 2.3 kDa exhibited potent IRI activity at concentrations <0.01 mg/mL,
demonstrating a novel new material with potent IRI activity akin to those of biological IBPs.

In conclusion, these results suggest that the peptide threonine (and polymers thereof) exhibits an
important chemical structure to mimic in the design of biologically inspired macromolecules that
exhibit ice interaction. Molecules based on its chemical structure, such as pHPMA, exhibit potent
IRI activity in nanomolar concentrations. Additionally, peptide or synthetic polymers with pendant
functional groups similar to threonine are promising potential additives for mitigating ice growth

in both physiological and non-physiological environments.

ASSOCIATED CONTENT

Supporting Information. Supplementary Table 1 provides polymer properties as provided by
Sigma Aldrich. Supplementary Figure 1 shows N-(2-hydroxypropyl)methacrylamide synthesis
and verification. Supplementary Figure 2 shows poly[N-(2-hydroxypropyl)methacrylamide]
synthesis verification. Supplementary Table 2 displays results of HPMA RAFT Polymerization.
Supplementary Figure 3 provides SEC-MALS verification of pHPMA molecular weights and

distributions. Supplementary Figure 4 exhibits representative micrographs for the IRI splat assay
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for peptides and polypeptides. Supplementary Figure 5 provides representative micrographs for
the concentration dependence of Thr, pThr, Glu, and pGlu in PBS. Supplementary Figure 6
demonstrats representative micrographs for the concentration dependence of 7.6 kDa pThr and
45 kDa pHPMA in PBS. Supplementary Figure 7 exhibits representative micrographs for the
concentration dependence of 7hr and HPMA in PBS. Supplementary Figure 8 displays
representative micrographs for Thr, 7.6 kDa pThr, HPMA, and 45 kDa pHPMA at 10 mg/ml in
PBS at various pH. Supplementary Figure 9 shows representative micrographs for the pHPMA
molecular weight sweep IRI in PBS. Supplementary Figure 10 demonstrates dynamic ice

shaping capabilities of pThr and synthetic mimic pHPMA.
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IBPs, ice-binding proteins; IRI, ice recrystallization inhibition; pThr, poly(threonine); PBS,
phosphate buffered saline; pHPMA, poly(2-hydroxypropyl methacrylamide); PVA, poly(vinyl
alcohol); Thr, L-threonine; Arg, L-arginine; Glu, L-glutamic acid; pArg, poly(L-arginine); pGlu,

poly(L-glutamic acid); NMR, nuclear magnetic resonance; HPMA, 2-hydroxypropyl
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methacrylamide; MLGS, mean largest grain size; RAFT, reversible addition-fragmentation chain
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