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SUMMARY

Ice-binding proteins (IBPs) are produced by a variety of organisms to prevent in-
ternal damage caused by ice crystal growth. Synthetic analogs are being de-
signed to mimic beneficial properties of IBPs while mitigating drawbacks related
to the use of biological proteins. While a multitude of engineering applications
could benefit from the inhibition and control of ice formation and growth, syn-
thetic analogs tend to be less potent than biological IBPs, and both IBPs and syn-
thetic analogs tend to exhibit lower performance in non-physiological (i.e., non-
biological) solutions. This review examines the ice interaction properties and
performance of IBPs and their synthetic analogs in non-physiological environ-
ments. Common methods to measure ice interactions are discussed (i.e., thermal
hysteresis, ice recrystallization inhibition, ice growth rate, and ice nucleation). A
quantitative meta-analysis of material performance in non-physiological environ-
ments is presented, along with a discussion of future research directions. The
findings presented herein can inform IBP and synthetic mimic selection to control
ice interactions in a wide variety of materials science and engineering applica-
tions, including cell, tissue, and organ cryopreservation, food storage and trans-
port, freeze-thaw damage of cementitious materials, and anti-icing surfaces for
aerospace vehicles, solar panels, and wind turbines.

INTRODUCTION

Water is a common and readily available solvent used in most industrial fields from medicine to infrastruc-
ture (United States Geological Survey, 2022). However, water has unique chemical and physical properties,
such as expanding by 9% upon crystallization (Eisenberg and Kauzmann, 2005; Voitkovskii, 1960), which can
cause a multitude of issues for materials or systems containing it. For example, during cryopreservation, ice
expansion can damage proteins (Kasper and Friess, 2011; Arakawa et al., 2001; Jiang and Nail, 1998;
Costantino and Pikal, 2004) or rupture cells (Gao and Critser, 2000; Harding, 2004; Morris and Acton,
2013). In food preservation, the formation and growth of crystallites can alter the texture of foods,
rendering them unpalatable (Kaleda et al., 2018; Soukoulis and Fisk, 2016; Kiani and Sun, 2011). In
infrastructure, the cyclic freeze-thaw of ice within concrete can induce cracking and failure (Scherer and
Valenza, 2005; Scherer, 1999; Liu et al., 2014; Rahman and Grasley, 2014; Yang et al., 2015). Preventing
ice growth-induced damage can extend the service life of many engineered materials, saving money, re-
sources, and time in the process.

Ice-binding proteins (IBPs)

Nature has evolved an effective strategy to mitigate the potentially detrimental effects of ice formation
within organisms. Ice-binding proteins (IBPs) are a robust series of proteins found in a wide array of or-
ganisms, ranging from plants (Hincha and Zuther, 2020; Duman and Olsen, 1993; Griffith et al., 1992; Mof-
fatt et al., 2006), fungi (Duman and Olsen, 1993; Hoshino et al., 2003; Xiao et al., 2010), fish (Marshall
et al., 2004; DeVries, 1988; Fletcher et al., 1987; Hew et al., 1981; Slaughter et al., 1981; Davies et al.,
1988), insects (Graethert et al., 2000; Liou et al., 1999; Graham and Davies, 2005; Li et al., 1998; Duman
et al., 2004), and microbes (Duman and Olsen, 1993; Vance et al., 2018; Garnham et al., 2008; Gilbert
et al., 2004). These proteins emerged through convergent evolution and, thus, display a variety of
structures, amino acid sequences, and ice interaction residues (Davies, 2014; Dolev et al., 2016).
Although the structures of IBPs vary, most IBPs exhibit regular helices with spacing that matches the
lattice structure of ice.
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A subclass of IBPs called antifreeze proteins (AFPs) exhibit similar ice interaction properties, namely: (1)
thermal hysteresis (TH), defined as a non-colligative depression of freezing point while maintaining (or
elevating) the melting point; (2) dynamic ice shaping (DIS) (i.e., a reshaping of the 1H hexagonal ice crystal
structure to form less disruptive ice geometries); and (3) ice recrystallization inhibition (IRI) (i.e., a property
that limits ice recrystallization through Ostwald ripening and reduces mean ice crystal size) (Voets, 2017).

Some IBPs exhibit a unique property known as ice nucleation, wherein ice formation is actually promoted
due to the presence of the protein. This subclass of IBPs is typically called ice-nucleating proteins (INPs),
which often exhibit similar ice interaction mechanisms as AFPs. However, INPs are typically much larger
in size, which leads to a change in function (Dolev et al., 2016).

For more information on IBP function, structure, and mechanistic theories, comprehensive reviews have
been published in the literature (Dolev et al., 2016; Davies, 2014). The exact mechanism by which IBPs
inhibit ice growth has not yet been fully explicated due to the sheer variety of IBPs. However, the prevailing
mechanism that is widely agreed-upon postulates that ice interaction is facilitated by an array of quasi-
liquid anchored clathrate-waters at the ice-IBP interface that aligns with the crystal lattice of ice (Davies,
2014; Garnham et al., 2011; Chakraborty and Jana, 2018; He et al., 2018). Early genetic mutation studies
demonstrated that polar residues play a critical role at the ice-IBP interface (Jia et al., 1996; Zhang et al.,
2004; Deluca et al., 1998; Baardsnes et al., 1999; Baardsnes and Davies, 2002; Haymet et al., 1998), and mo-
lecular dynamics studies have since supported the hypothesis that bound clathrate waters are present
when IRI-active molecules interact with ice crystals (Hudait et al., 2018; Zanetti-Polzi et al., 2019; Grabowska
et al., 2018). Other studies have substantiated the important role that hydrophobicity has on the efficacy of
ice-binding residues and their interaction at the ice-IBP interface (Baardsnes and Davies, 2002; Stubbs
et al., 2017, 2019; Balcerzak et al., 2013). Despite these advances, further fundamental understanding
related to ice-IBP interactions is required to fully explicate a universal theory (or theories) of ice interaction.

As an emerging biotechnology, IBPs have the potential to extend beyond biological applications to meet
antifreeze needs of other industries in aerospace (e.g., cryogenic fluids), civil engineering (e.g., frost-resis-
tant pavements) (Frazier et al., 2020; Qu et al., 2020), and energy infrastructure (e.g., anti-icing coatings).
However, widespread use of IBPs for large-scale applications is limited due to (1) loss of functionality in
different non-physiological environments, (2) limited yield for up-scaled IBP production, and (3) rapid
expansion upon freezing. According to available literature, IBPs are most commonly studied in solutions
that mimic their native physiological environments. These environments have a pH between ~6 and ~8
and contain minimal concentrations of salts and sugars. Proteins are well known to restructure (e.g., dena-
ture, aggregate, and degrade) in non-physiological media (Ptitsyn, 1987), thus rendering them ineffective
in those environments. Changes in pH and ionic concentration can affect the activity of IBPs. Previous
research has attempted to increase yield for IBP production (e.g., 200 mg of IBP from a 5 L recombinant
batch of yeast growth (Tab et al., 2018), or 4.6 mg of IBP from 100 g of Tenebrio molitor larvae) (Tomalty
et al.,, 2019). However, the quantity of protein produced (<1 g) would be insufficient for large-scale appli-
cations. Finally, most IBPs demonstrate TH activity with a rapid and destructive ice “burst” when reaching
their new non-equilibrium freezing point temperature (Davies, 2014), which poses a unique disadvantage
for applications such as cell cryopreservation, as cells benefit from non-colligative freezing point depres-
sion but are susceptible to rapid ice expansion (Deller et al., 2014). To address these limitations, scientists
and engineers have turned to bioinspired synthetic mimics as resilient alternatives to IBPs for material
applications in non-physiological conditions.

Bioinspired synthetic IBP mimics

Synthetic molecules present a unique advantage over IBPs, as they offer tunable pendant moieties,
architectures, and scalability for increasingly accessible ice growth mitigation technologies and improved
robustness in non-physiological environments. Identifying new materials that mimic IBP function, such as
IRl activity, is crucial for targeting niche engineering applications in non-physiological environments.
Antifreeze glycoproteins (AFGPs), a subset of IBPs, are among the most commonly mimicked IBPs as
they demonstrate potent IR activity at low concentrations (He et al., 2018; Stubbs et al., 2019; Congdon
et al., 2013, 2015; Mitchell et al., 2014, 2015; Biggs et al., 2017). For example, poly(vinyl alcohol) (PVA)
has exhibited notable biomimetic antifreeze behavior (Congdon et al., 2013, 2015; Mitchell et al., 2014;
Budke and Koop, 2006), is easy to produce, and has shown promise for multiple cryopreservation applica-
tions (Deller et al., 2014; Hasan et al., 2018; Mitchell et al., 2019). One study demonstrated that 27 kDa PVA
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Figure 1. Schematic representations of hexagonal ice crystals

(A) Microscopic hexagonal ice demonstrating lattice constants for the basal plane and prism face. Figure was made using
VESTA software (Momma and lzumi, 2011).

(B) Macroscopic hexagonal ice crystallite with basal plane and prism face.

exhibited IRl behavior at 0.05 mg mL™" (1.6 uM) (Budke and Koop, 2006). Similarly, a study by the authors
demonstrated that a 41.4 kDa poly(2-hydroxypropyl methacrylamide) (PHPMA) exhibited IRl behavior at
0.01 mg mL~" (242 nM) (Delesky, 2020). Both PVA and PHPMA show IR activity at concentrations compa-
rable to the nanomolar concentrations in which native IBPs are active. Other molecules, such as pigments
(Drori et al., 2016), polymer-modified nanoparticles (Stubbs et al., 2018), polyampholytes (Stubbs et al.,
2017), quantum dots (Bai et al., 2017), and nanocelluloses (Li et al., 2019) also exhibit ice interactions similar
to IBPs. While certain synthetic molecules with varying chemistries have proven effective in terms of
mimicking the antifreeze behavior of IBPs, further investigation and intentional design of synthetic mole-
cules with exceptional biomimetic antifreeze behavior in non-physiological environments would broaden
possible applications in industry sectors that currently rely on anti-icing solutions with notable drawbacks.

Scope of review

This work presents a comprehensive review on the performance of IBPs and bioinspired synthetic mimics in
non-physiological environments. First, ice interaction properties are described (thermal hysteresis,
dynamic ice shaping, ice recrystallization inhibition, ice growth rate, and ice nucleation), and characteriza-
tion techniques for each property are detailed. Next, a meta-analysis for IBP and synthetic analog perfor-
mance in non-physiological environments is conducted, synthesizing data from literature to elucidate the
influence of molecule and environment on ice interaction properties. Finally, this meta-analysis is used to
illuminate and discuss broad trends, research gaps, persistent challenges, and opportunities for advance-
ment of the field.

ICE INTERACTION PROPERTIES AND CHARACTERIZATION TECHNIQUES

Properties and physical characteristics of ice

To develop targeted mitigation strategies that prevent damage from ice growth, it is important to under-
stand the properties and physical characteristics of ice. While ice is able to take on a variety of phases
(Eisenberg and Kauzmann, 2005), the most common for standard temperatures and pressures is 1H hexag-
onal ice, which exhibits a hexagonal crystal with lattice constants of a = 4.52 A along the basal plane and
¢ = 7.37 A along the prism plane (Eisenberg and Kauzmann, 2005). A microscopic crystallographic repre-
sentation of TH hexagonal ice with prominent basal and prism planes can be seen in Figure 1A, and a
macroscopic representation of a hexagonal ice crystallite with prominent basal and prism planes is shown
in Figure 1B.

Discussed below are methods used to investigate the interaction between materials and ice and how
those materials influence ice formation and growth. Ice interactions include (1) thermal hysteresis, (2) dy-
namic ice shaping, (3) ice recrystallization inhibition, (4) ice growth rate, and (5) ice nucleation. Each ice
interaction can typically be investigated using several techniques, resulting in either qualitative or quanti-
tative data.
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Thermal hysteresis (TH)

Thermal hysteresis (TH) is the non-colligative depression of the freezing point of solution while maintaining
or elevating the melting point of solution, creating a temperature “gap” between freezing and melting
temperatures. TH makes it difficult for solution to freeze (when the temperature is being lowered) and
difficult for ice to melt (when the temperature is being elevated), providing a stable temperature range.
TH is one metric used to measure the efficacy of IBPs to prevent ice growth within organisms, and is has
previously been characterized as moderate (TH ~1°C) or hyperactive (TH ~5°C or more) (Davies, 2014,
Dolev et al., 2016). TH was thought to be a unique property of IBPs until some synthetics were discovered
to display marginal activity (TH < 1°C), such as zirconium acetate hydroxide (0.07°C) (Mizrahy et al., 2013),
Safranine-O (0.6°C) (Drori et al., 2016), and glucose carbon dots (0.02°C) (Wang et al., 2020), although no
synthetic has been able to match the TH activity of IBPs. TH can be measured through several means and is
often reported as AT (°C), taken as the difference between the non-colligative freezing point depression
and the non-colligative melting point elevation induced by the material. However, due to the lack of
standardization, comparing TH activity among different labs and testing apparatus is imperfect. The
reported TH activity can depend on the pause time before cooling starts, the size of the ice crystal,
the rate of cooling, the solution composition, and the defined endpoint for low activity samples. For the
sake of this review, values will be compared to provide an overview of an approximate range of activity.

Using osmometry to measure TH activity

The most common method for measuring TH is using a nanoliter osmometer. An aqueous sample is placed
in immersion oil, frozen, and then slowly melted to achieve a single ice crystal, typically 10-50 um in size.
The temperature at which the single ice crystal is stable is taken as the melting point, and the single ice
crystal is often incubated at that temperature for 5-15 min to facilitate interaction of the material with
the ice crystal. The temperature is then lowered at a slow rate (~0.01°C min~") until ice growth is observed.
The difference between the melting point temperature and the temperature of growth is taken as the TH
(Braslavsky and Drori, 2013). A microfluidic cold finger has been developed that observes TH similar to the
osmometer, allowing precise nucleation and control of the single ice crystal (Haleva et al., 2016).

Other methods to measure TH activity

While osmometry is the most common method, other techniques have been developed to measure the TH
activity of materials. In a study performed by Inada and Lu (2004), a millimeter-size ice crystal was grown,
hollowed out, exposed to solution, and then monitored for ice growth, yielding a similar TH gap as osmom-
etry. Additionally, differential scanning calorimetry (DSC) has been used to observe TH by freezing the sam-
ple, then scanning for the melting point temperature. Once the melting point temperature is determined,
the sample is frozen again, heated until just before the melting point, held for incubation, then frozen again
to determine the TH based on the difference between the hold point temperature and the non-colligative
freezing point temperature (Amornwittawat et al., 2008; DeVries et al., 2005; Lu et al., 2002). However, DSC
is not used as frequently because supercooling can occur in the DSC sample pan, leading to unpredictable
and unreproducible freezing points (Hill, 1991, Whale et al., 2015).

Dynamic ice shaping (DIS)

Dynamic ice shaping (DIS) is the reshaping of the TH hexagonal ice structure by restricting growth in the
plane of ice that the material is adsorbed to, and tends to be observed at concentrations lower than neces-
sary for TH activity. For IBPs, the change in ice crystal geometry is indicative of the plane(s) of adsorption,
and is sometimes observed when TH activity is not able to be measured. Bipyramidal ice is seen when the
prism plane of ice is restricted, and hexagonal or “lemon”-shaped ice is seen when both the prism and
basal planes of ice are restricted (Dolev et al., 2016). For materials other than IBPs, it has been shown
that binding to the ice face is not required for ice growth inhibition, but changes in morphology are still
seen. This is possibly due to material adsorption to the ice surface and preventing further ice growth
through steric inhibition (Burkey et al., 2018). Often, DIS is observed through osmometry similar to TH
although without determining a TH gap.

Ice recrystallization inhibition (IRI)

Ice recrystallization is the process through which larger ice crystals expand at the expense of smaller ice
crystals, a phenomenon known as Ostwald ripening (Voets, 2017). Ice recrystallization inhibition (IRI) is
the limitation of ice recrystallization through the Gibbs-Thompson effect. Several methods have been
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established to determine the IRI activity of a material. The most common unit of reporting is percent mean
largest grain size (% MLGS), which constitutes measuring ice grains along their longest axis and then
normalizing the average size of the sample solution by the average grain size for the control solution tested,
allowing comparison across solution type, and even test method. IRI activity ranges from negligible to
moderate to potent. Negligible IRl activity is described by a large % MLGS (>~80) that is often within error
of control solution grain size, whereas potent IRl activity is described by a small % MLGS (<~30), and
moderate activity lies between negligible and potent. For preventing ice-induced damage, potent IRI
activity is favored because it correlates with ice formation and growth inhibition. Similar to measuring
TH activity, the reported values for IRl are imperfect as variations in methodology can influence the
endpoint of the ice crystals. Some variables that can affect the growth are the temperature of the cold
stage, the solution composition, and the endpoint of the assay. However, it is valuable to understand
the range of IRl activity one might expect for an approximation of material performance.

Splat assays to measure IRl activity

The splat assay was established in 1986 by Knight and Dumani (1986). The splat assay creates a monolayer
of polycrystalline ice by dropping a 10-20 pL droplet from ~2 to 3 m onto a chilled glass slide, typically
resting on top of an aluminum block that is chilled by dry ice. The glass slide with the ice monolayer is
then transferred to a cold stage on a microscope and annealed at a sub-melting point temperature
(approx. —6°C to —15°C) to monitor ice recrystallization over time. Wu et al. (2017) determined that the
sub-melting point or annealing temperature for the splat assay plays a more critical role in ice grain size
than nucleation temperature, and that larger ice grains will be seen with warmer annealing temperatures.
Briefly, nucleation is the random formation of nascent crystals, and further described in Section Ice
nucleation. The sample is often incubated at the annealing temperature for time intervals ranging from
30 min to 18 h, depending on the IRI activity of the molecule (e.g., longer incubation periods are used
for materials with more potent IRl activity). The data are reported either qualitatively by comparing
micrographs at given time points or quantitatively by reporting % MLGS. It has been shown that deionized
or ultrapure water will provide false positives, as any molecule in pure water will accumulate at the ice grain
boundaries and prevent ice recrystallization (Knight et al., 1995). Thus, low concentrations of salt additives
are necessary to keep the molecules at the solid-liquid interface, and active molecules will prevent ice
recrystallization whereas inactive molecules will not.

Sucrose sandwich assays to measure IRl activity

The sucrose sandwich assay was developed by Worrall et al. (1998) but only became widely used after
the method was validated by Budke and Koop (2006). The sucrose sandwich assay is performed by
adding the material of interest to a sucrose solution (20%-40% sucrose) and sealing <1 pL of solution
between two pieces of coverslip glass using silicone grease. The sandwich is flash frozen by exposing it
to a temperature of —50°C or less to create a polycrystalline sample, then placed on a microscope cold
stage (approx. —6°C to —15°C) and annealed between 1 and 18 h with monitoring at one or more time
intervals. The data are reported similarly to the splat assay, as either qualitative micrographs or by quan-
titative % MLGS. The sucrose sandwich assay offers an advantage for monitoring solutions with insoluble
components because the high percentage of sucrose prevents interference from insoluble particles.
Additionally, quantitative analysis can be performed computationally for the sucrose sandwich assay
due to the lack of grain impingement. However, the high percentage of sucrose in solution also slows
the ice recrystallization process requiring longer annealing times to get an accurate comparison of material
performance.

Other assays to measure IRI activity

One of the drawbacks for both the splat and sucrose sandwich assays is the time required to monitor the IRI
activity of a single sample. A few techniques have been developed to improve the throughput of IRI testing;
however, they have yet to be widely adopted. A capillary tube assay was developed by Tomczak et al.
(2003). The capillary tube assay is performed by sealing samples in a 10 plL capillary tube (1 mm outer
diameter) and snap freezing by placing into chilled 2,2,4-trimethylpentane (approx. —50°C by dry ice).
The samples are then transferred to a jacketed beaker filled with the same solvent cooled to the annealing
temperature. The capillary tube assay allows for multiple samples (~15) to be viewed at once for side-by-
side comparison and allows for long-term storage of the samples. However, the quality of image is reduced
due to the curvature of the capillary tubes and direct grain counting is obscured. Thus, the capillary tube
assay increases throughput but provides exclusively qualitative comparisons.

¢? CellPress

OPEN ACCESS

iScience 25, 104286, May 20, 2022 5




¢? CellPress

OPEN ACCESS

A high-throughput antifreeze protocol (HTAP) using a 96-well microtiter plate assay was developed by
Gilbert et al. (2004). Samples are loaded into a 30% sucrose solution and compared to positive (IRl active)
and negative (IRl inactive) controls. The plate is flash frozen at —70°C and held at temperature for 10 min,
then placed on a cold stage to anneal for 5 days. Samples that remain frozen after annealing are said to be
IRI active, while samples that melt are inactive. The HTAP method allows for high throughput of samples
with a qualitative comparison; however, the 5-day incubation period is long and the protocol can lead
to false positives.

A high-capacity endpoint device was developed by Graham et al. (2018) that allows up to 12 samples to
be compared side-by-side. The endpoint device consists of a sapphire slide with 8-12 sample wells of
about 45 um diameter surrounded by a superhydrophobic coating. Samples of approximately 1 uL are
loaded into the sample wells, and a slide with a fluorinated surface coating of trichloro(1,1,2H,2H-per-
fluorooctyl)silane is placed on top of the sample. The sample is then annealed and monitored for grain
growth. The high-capacity device is able to produce high-quality images with a possibility for both qual-
itative and quantitative comparisons and can be washed with a detergent for repeated use. However,
this method requires sapphire slides for high-quality images and a specially manufactured device making
it potentially cost prohibitive compared to other IRl measurement methods. Finally, the superhydropho-
bic coating is sensitive to pH, so samples cannot be tested in some pH environments (e.g., alkaline) using
this method.

Ice growth rate

Ice growth rate investigates the change in ice crystal size, often along a specified ice crystal axis (e.g.,
a-axis or c-axis, Figure 1B), over time at a set temperature below the freezing point of solution. Currently,
there is no well-established method to measure rate of growth, but some experimental techniques have
been developed (Mizrahy et al., 2013; Olijve et al., 2016; Huang et al., 2012). Of note, the rates and units
often differ based on the method employed, which makes it difficult to directly compare results across
methodologies. The reported values for ice-growth rate are additionally imperfect due to the variations
in methodology. Some variables that can affect the growth are the temperature of the cold stage, the
solution composition, and the resolution of the time points. Ice growth rate is more often used to inves-
tigate synthetic materials that do not stop the growth of ice, but instead slow it down. However, it is valu-
able to understand the range of ice growth rates one might expect for an approximation of material
performance.

Osmometry to measure ice growth rate

Similar to measuring TH, osmometry can be used to determine ice growth by monitoring the growth of a
singular ice crystal. A singular ice crystal is monitored for changes in diameter across either the a-axis or
c-axis of ice, and is often reported as a unit of pm sec™" or pm ms™". Typically, multiple holding tempera-
tures below the freezing point of solution will be used and expressed as A°C below freezing, and often per-
formed in increments of 0.01 or 0.02°C. Rate determination using osmometry is sometimes used as a
method to report TH activity for molecules with marginal TH, as rates less than 0.02 um s~ are considered
to be TH active (Mizrahy et al., 2013). Values are often reported as rate as a function of A°C, and tend to
exhibit a sigmoidal curve.

Sucrose sandwich assays to measure ice growth rate

The sucrose sandwich assay described above in Section Sucrose sandwich assays to measure IRl activity is
sometimes used to determine the rate of growth. Because the ice grains are well defined and do not un-
dergo impingement, the sample can be monitored using a camera at multiple pre-determined time inter-
vals to observe and quantify ice grain diameter over time. Ice growth rate measurements are often reported

1

as um? min~! or um® min~". A circle Hough transform (CHT) algorithm has been developed to improve

video processing to facilitate rapid analysis and material comparison (Olijve et al., 2016).

Silicon isolator method to measure ice growth rate

The silicon isolator method was developed by Huang et al. (2012) and is performed by sealing <20 plL of
sample in silicon isolator wells between two glass slides and placed on a room temperature thermal micro-
scope stage. The sample is then cooled and monitored for ice growth using a camera. The rate of growth is

quantified by measuring the advancement of the ice crystal front over time, and reported as um sec™".

6 iScience 25, 104286, May 20, 2022

iScience



iScience ¢? CellPress
OPEN ACCESS

Table 1. Overview of experimental characterization techniques for ice interaction properties

Measure of Performance

Experimental Technique TH DIS IRI Rate of Growth Ice Nucleation

Osmometry v I v
mm Ice Crystals 4
Differential Scanning Calorimetry v
Splat Assays

Sucrose Sandwich Assays

Capillary Tube Assay

High-Throughput Antifreeze Protocol

A W W W WA

High-Throughput Device Assay
Silicon Isolator Assay v
%Droplets Frozen Assay 11

Time until Nucleation Assay I

Filled and unfilled cells represent quantitative and qualitative measurements, respectively.

Ice nucleation

Some IBPs exhibit a property known as ice nucleation and readily enable the heterogeneous formation of
ice crystals. Ice nucleation is useful for atmospheric science, specifically with regard to cloud formation
(O'Sullivan et al., 2015, 2016; Hiranuma et al., 2019). At present, a singular method for determining ice
nucleation efficacy has not been well established. However, two main methods of investigating ice nucle-
ation have been reported: percentage of droplets frozen (Congdon et al., 2015; Biggs et al., 2017; Whale
et al., 2015), and time until nucleation (Yang et al., 2016; He et al., 2016; Akhtar et al., 2019).

Percentage of droplets frozen to measure ice nucleation

An array of ~1 uL sample droplets is placed in wells or separated by a hydrophobic surface. The surface is
then placed on a microscope cold stage set to ambient temperature (15-20°C) and monitored with a
camera. The stage is cooled at a constant rate, normally from ambient temperature to —40°C to ensure
a uniform and equilibrium cooling of the samples. Nucleation is reported as the percentage of droplets
frozen at a given temperature, and most experiments are performed until 100% of samples have frozen
(Congdon et al., 2015; Biggs et al., 2017; Whale et al., 2015).

Time until nucleation to measure ice nucleation

A drop of solution is placed in an isolated sample cell, often composed of a hydrophobic sealant (e.g., a
silicon o-ring) that is then positioned between two cover glass slips. Ice nucleation is measured by moni-
toring the time it takes for ice formation after the substrate equilibrates at a specific temperature, and
the time until nucleation is reported in milliseconds or seconds (Yang et al., 2016; He et al., 2016).

An additional time until nucleation method was developed by Akhtar et al. (2019), where the ice prevention
capabilities of hydrophobic surfaces were determined by dispensing ~4 uL of water onto the surface,
lowering the temperature to a set holding temperature, and monitoring the time until freezing. Results
are reported in milliseconds or seconds and describe the time until freezing at the holding temperature.

Table 1 provides an overview of experimental characterization techniques for determining ice interaction
properties as well as resulting qualitative or quantitative resulting data. Depending on the measure of per-
formance desired, Table 1 can help determine which experimental technique to employ. To understand all
the ice interaction properties of a material, multiple techniques would have to be used.

EFFECT OF ENVIRONMENT ON ICE INTERACTION

According to available literature, physiological environments with a neutral (~7) pH and minimal solution
additives (e.g., salts, sugars) are the most common for investigating ice formation and growth. Non-phys-
iological environments include those with deviations from neutral pH (pH < 6, pH > 8) or those with high
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Figure 2. A review of material performance in pH adjusted environments (A) TH activity for several ice-binding
proteins.(B) IRl activity for several ice-binding proteins and polymeric materials. The % MLGS is represented by
circles, where larger diameters indicate larger % MLGS and lower IRI activity. Smaller diameter circles indicate
small % MLGS and higher IRl activity (Delesky, 2020; Mizrahy et al., 2013; Burkey et al., 2018; Zhang and Laursen,
1999; Hawes, 2016; Mahatabuddin et al., 2017; Li et al., 2019, 2020; Leiter et al., 2016, 2018; Ren et al., 2019).

concentrations of solution additives (e.g., salts and sugars). In this section, a meta-analysis of ice interaction
properties of materials in non-physiological environments is presented.

Ice interaction properties in non-neutral pH environments

Some applications benefit from materials that can prevent ice growth in highly alkaline environments, such
as portland cement concrete used in civil engineering, which has an internal pore solution pH of 13.
Figures 2A and 2B show the limited data that are available to describe the effect of pH and concentration
on TH and IRl activity, respectively, for different materials. In general, previous studies have measured TH
activity with respect to altered environmental pH at one specific concentration. In contrast, IRl activity
(% MLGS) has generally been measured in one specific environmental pH over a range of concentrations.

Figure 2A shows TH activity as it relates to concentration and environmental pH for different materials, with
blue data points indicating higher TH activity. For AFPs from the species Barfin plaice (BpAFP) and
Gomphiocephalus hodgsoni (GhAFP) and the AFP synthetic mimic (AKAAK), the environmental pH does
not influence the TH activity. More specifically, as the pH increased from 1 to 13, the TH activity of
BpAFP, GhAFP, and AKAAK remained relatively constant at 0.63 £+ 0.10°C, 0.06 + 0.01°C, and 0.24 +
0.1°C, respectively (Zhang and Laursen, 1999; Hawes, 2016; Mahatabuddin et al., 2017). Finally, Mizrahy
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et al. (2013) investigated zirconium acetate (ZRA), which requires slightly acidic pH to function due to the
oligomerization of the material, seen as a higher TH (0.07°C) at a pH of 4.7.

Figure 2B shows IRl activity measured in % MLGS compared to the concentration and environmental pH for
different materials. At pH 6-7, 26 kDa PVA shows moderate IRI activity (75% MLGS) at 0.05 mg mL~,
whereas 80 kDa PVA shows potent IRl activity (20% MLGS) at 0.04 mg mL~", substantiating that there is
amolecular weight dependence for some synthetic molecules (Li et al., 2019; Burkey et al., 2018). Addition-
ally, 26 kDa PVA exhibits similar IRl activity at pH 1 and pH 13 when compared to pH 7, showing that PVA is
resistant to changes in environmental pH (Burkey et al., 2018). Similarly, PHPMA exhibits similar IRI activity
atpH 13 as it does at pH 7 (Delesky, 2020). Other synthetics (CNCs and CNFs) exhibit negligible efficacy in
all pH environments investigated (Li et al., 2019, 2020). AFPIIl maintained potent IRl at both acidic and alka-
line pH (pH 1 and 11). However, extreme alkaline environments like those seen in concrete (> pH 13) have
not been investigated (Leiter et al., 2016, 201 8).1% The proteins SfIBP and MpIBP were tested in alkaline pH
greater than those conducted to AFPIIl, and demonstrated that IRl activity was lost above pH 12.5. MpIBP
and SfIBP were shown to denature in alkaline pH (pH > 10), but retained IRI activity (pH < 12.5), indicating
that the pendant functional groups were sufficient to elicit IRl activity despite the loss of conformational
structure (Delesky et al., 2019, 2020).

These data demonstrate significant gaps for TH and IRI efficacy in varied pH environments. To better
understand the influence of pH on TH activity, more thorough investigations of the simultaneous effect
of pH and concentration should be conducted, as all current studies only examine the effect of pH at a
singular concentration. At present, only two IBPs are characterized for TH performance in varied pH
environments. Additional IBP investigations have the potential to elucidate a trend with changes in
pH. A few synthetic molecules have been shown to exhibit TH behavior in physiological environments
(e.g., safranine-O). Investigating TH performance under varied pH could demonstrate potential robust
performance. Research on IRl activity of molecules in non-physiological environments would benefit
from investigations in slightly acidic (3 < pH < 6) and slightly basic (8 < pH < 11) solutions, especially
for concentrations <10 mg/mL. Additionally, given that a number of synthetic molecules that exhibit
IRl activity in physiological solutions, investigating changes in IRl performance in varied pH environments
offers the potential to further highlight the resiliency and efficacy of synthetic molecules compared
to IBPs.

A few studies have investigated the effect of pH on ice growth rate. These data are summarized in Table 2.
In general, active molecules exhibit slower growth rates in non-physiological, pH-adjusted environments
compared to physiological environments, potentially due to the additional interference of pH adjustors
on the hydrogen bonding network of ice. Burkey et al. (2018) determined that acidic environments
increased the ice growth rate with added PVA, whereas basic environments reduced the ice growth rate
with added PVA compared to pH 7 environments. Additionally, the authors demonstrated that 1 M
NaOH reduced the rate of growth for polymers without IRI activity (PEG, atactic PG, and isotactic PG)
compared to 1 M NaCl. Mizrahy et al. (2013) looked at ZRA and ZRAH, small molecules that require acidic
pH of ~4.7 to promote active oligomeric species in solution, and determined that a pH of 4.7 resulted in the
slowest ice growth rate. The effect of non-neutral environmental pH on ice nucleation has not yet been
investigated, representing an opportunity for future research.

Ice interaction properties in the presence of ionic additives

Within organisms, IBPs typically work synergistically with other internal constituents to prevent ice
formation or to regulate ice growth. For use in non-physiological environments, understanding the synergy
between IBPs and controlled additives is important for tuning ice formation or ice growth within an engi-
neered system. Salt or other ionic constituents are common additive to enhance TH activity. A summary of
the influence of salt additives on TH activity is shown in Figure 3.

According to the data presented in Figure 3, salt additives appear to enhance the TH activity of hyperactive
proteins Amornwittawat et al. (2008); Kristiansen et al. (2008); Li et al. (1998); Liu et al. (2015) more than
moderately active proteins (Evans et al., 2007). In general, the synergy between salt additives and IBPs
follows the Hofmiester series. However, a few notable exceptions exist. First, the IBPs demonstrate a
stronger-than-anticipated synergy with zinc chloride, sodium nitrate, sodium iodide, and cobalt chloride.
Second, the IBPs show a dependence on salt concentration for ammonium bicarbonate, which induced
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Table 2. The influence of environmental pH on the ice growth rate

Paper Environment Material Concentration AT [°C] Rate
Mizrahy et al. (2013) = buffer = 0.022 2.63pms”’
pH 3.3 ZRAH 150 mM 0.022 213 ums™"
ZRA 150 mM 0.02 0.076 um s~
pH 4.2 ZRAH 150 mM 0.022 0.11 ums™"
ZRA 150 mM 0.025 0.012 ym s~
pH 4.7 ZRAH 150 mM 0.022 0.01 ums™"
ZRA 150 mM 0.025 0.009 yum s~
Burkey et al. (2018) 0.1 M HCl(pH 1) - - - 27.2 pm® min™’
26 kDa PVA 0.5mg mL™" - 15.3 pm® min~’
5mgmL™" - 0.6 pm?® min~’
0.1 M NaCl (pH 7) - - - 23.3 pm® min™’
26 kDa PVA 0.5 mg mL™’ - 8.9 um? min™’
5mgmL™" - 0.3 um® min~’
0.1 MNaOH (pH 13) - - - 31.9 um® min~’
26 kDa PVA 0.5mg mL™’ - 0.04 pm?® min~"
5mgmL™" - 0.1 pm® min™’
1 M NaOH PEG 50 mg mL™" - 7.0 um® min~"
PG - atactic 50 mg mL™" - 25.7 pm® min~"
PG - isotactic 50 mg mL™" - 29.8 um* min~’

more synergy at high concentrations (0.5 M) than at low concentrations (0.2 M). Further investigations are
required to understand the deviant synergy between the salt additives and IBPs, which could possibly be
attributed to salt concentration, IBP concentration, or IBP type. Finally, there is a contradictory contribution
by ammonium sulfate, suggested by the high synergy with the IBP RiAFP, but minimal synergy with the IBP
DcAFP (Figure 3), which may be due to specific protein interactions. To date, no studies have been per-
formed to investigate synergistic effects between salts and synthetic materials to enhance TH activity,
again representing an opportunity for future research.

Limited studies have investigated the synergistic effects that salt additives have on IRl activity. Leiter et al.
(2016) investigated AFPIIl under the influence of increasing concentrations of NaCl and found that IRl ac-
tivity of AFPIIl increased as the salt concentration increased. Suris-Valls et al. (115) also investigated the IRI
activity of two types of AFGP under the influence of 0.1 M salt additives (NaCl, Na3CsHsO7, Nay[B4Os(OH)4],
NaNOs3, and Na3zPO,) and found that all salt additives improved the IRl activity of the AFGPs. Balcerzak
etal. (2013) demonstrated that LiCl and KCl reduced the IRl activity of moderately active carbohydrate mol-
ecules based on AFGPs. Wu et al. (2017) showed that salt additives affect the final crystal size for control salt
solutions based on the Hofmeister series but did not demonstrate synergistic effects with IR| active mate-
rials. In general, the Hofmeister series seems to effect the recrystallization of ice, though further studies are
required to fully elucidate potential synergistic effects for engineering applications. Only one study per-
formed by the authors looked at the influence of salt additives on the IRl activity of synthetic materials.
In that study, it was found that the addition of 151 mM salts with multivalent metallic cations (CaCl,,
MgCl,, CuCly, and AICl3) reduced the IRl activity of 41.4 kDa pHPMA and eliminated the IRI activity of a
7.6 kDa polythreonine (Delesky, 2020).

The influence of ionic additives on ice growth rate of select IBPs and synthetic molecules has been studied
(Table 3). To date, the effect of salt additives on ice nucleation, however, has not yet been investigated.
Suris-Valls and Voets. (2019) investigated two types of AFGPs and found that all salt additives reduced
the rate of growth of the AFGPs in accordance to the Hofmeister series. Burkey et al. (2018) studied
26 kDa PVA and assessed how 0.1 M salts (NaCl, NaSCN, and LiCl) affected the ice growth rate, deter-
mining that both NaSCN and LiCl reduced the rate of growth by 64% and 97% compared to NaCl, respec-
tively. While more data are required to definitively determine the contribution of salt additives, it is likely
that synergy may follow the Hofmeister series.
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Figure 3. The effect of salt additives on TH activity, with synergistic contributions generally following the
Hofmeister series
See (Amornwittawat et al., 2008; Kristiansen et al., 2008; Evans et al., 2007; Li et al., 1998; Liu et al., 2015).

Ice interaction properties in the presence of non-ionic additives

Similar to salts, non-ionic additives can behave synergistically with IBPs and synthetic materials to prevent
or control ice formation and growth. As an example of non-ionic additives, small molecule polyols are often
used as cryopreservation agents; however, some polyols can be toxic to cells upon thawing. Additionally,
polyols are often used for plane deicers. Excess deicer can contaminate water runoff and the nearby envi-
ronment (Kent et al., 1999). Materials that exhibit synergistic effects to reduce ice formation and growth
could reduce the amount of toxic polyols utilized while retaining adequate prevention of ice growth.

The non-ionic additives reported in the literature and analyzed herein fell into three main categories:
sugars (or rings with pendant hydroxyls), linear hydroxyl-containing molecules, and carboxylated
molecules. The effects of these additives on TH activity are shown in Figure 4.

As shown in Figure 4, most non-ionic additives act synergistically to improve the TH activity of IBPs as indi-
cated by the positive increase of TH activity with the increase of additive concentration. In general, as the
concentration of non-ionic additive increased (>1 M), there was a corresponding improvement in TH ac-
tivity. Notably, carboxylated molecules as a non-ionic additive demonstrated the greatest synergy with
respect to concentration as there was a greater increase of TH activity (Figure 4C) at the same concentra-
tion of additive compared to sugars (Figure 4A) and hydroxyl-containing molecules (Figure 4B). In addition,
some studies have investigated the synergistic effect of larger molecules as non-ionic additives, such as
proteins or polymers, on TH activity. For example, Funakoshi et al. (2008) examined the effect of adding
a 10 kDa polymer, ammonium polyacrylate (NH4PA), on the TH activity of AFPI and reported that 66 mg
mL™" NH4PA increased TH by ~360%, and 167 mg mL™" NH4PA increased TH by ~460%. Berger et al.
(2019) demonstrated that a passive isoform of AFPIII (i.e., no TH activity) would enhance the TH activity
of active isoforms. Wu and Duman (1991) and Wang and Duman (2006) demonstrated that the introduction
of other components of insect hemolymph increases TH activity, further substantiating that adding syner-
gistic components can improve protein efficacy. Despite the literature available on IBPs, no studies have
investigated synergistic effects between non-ionic additives and synthetic materials to enhance TH activity,
which represents another future research opportunity.

Limited studies have investigated the influence of non-ionic additives on IRI activity. No studies to date
have examined the effect on ice growth rate or ice nucleation. Ishibe et al. (2019) demonstrated the IRI
activity of PVA could be improved by adding non-ionic molecules that do not demonstrate IRI activity.
Molecules that worked were: 4kDa PEG, lactose (>10 mg mL™"), 12kDa poly acrylic acid, 7.7 kDa
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Table 3. The influence of ionic additives on ice growth rate

Reference Environment Material Concentration Rate [um3 min~"]
Suris-Valls and Voets (2019) 30 wt% sucrose AFGP1-5 5nM 0.67
AFPIIl rQAE 500 nM 1.03
+0.1 M NaNO3 AFGP1-5 5nM 0.48
AFPIIl rQAE 500 nM 0.93
+0.1 M NaCl AFGP1-5 5nM 0.45
AFPIIl rQAE 500 nM 0.42
+0.1 M Naz[B4Os(OH)4] AFGP1-5 5nM 0.59
AFPIIl rQAE 500 nM 0.36
+0.1 M NazPO, AFGP1-5 5nM 0.26
AFPIIl rQAE 500 nM 0.29
+0.1 M NazCgHsO5 AFGP1-5 5nM 0.01
AFPIIl rQAE 500 nM 0.24
Burkey et al. (2018) 0.1 M NaCl - - 23.3
26 kDa PVA 0.5mgmL"" 8.9
5mgmL™" 0.3
1 M NaCl PEG 50 mg mL™" 49.2
PG - atactic 50 mg mL™" 71.9
PG - isotactic 50 mg mL™" 90
0.1 M NaSCN - - 24.6
26 kDa PVA 0.5 mg mL™" 3.2
5mgmL™" 0.2
0.1 M LiCl - - 20
26 kDa PVA 0.5mg mL™" 0.2
5mgmL™" 0.1

polymethacrylate, and 1.3 kDa poly(vinyl prylodine) (Ishibe et al., 2019). Molecules that did not work include
ethylene glycol, glucose, lactose (<10 mg mL™"), acrylic acid, methacrylate, and 15kDa poly(vinyl prylo-
dine). The authors expect that the depletion forces incurred by additional soluble polymers were somehow
necessary to facilitate interactions between the IRl-active PVA and ice (Ishibe et al., 2019).

CONCLUDING REMARKS AND FUTURE DIRECTIONS

IBPs and their synthetic mimics offer a potentially disruptive route to engineer novel ice growth mitigation
material technologies for non-physiological engineering applications. Given that ice forms in most water-
containing systems, understanding material performance outside of physiological environments is a crucial
next step toward implementing IBPs and synthetic mimics in real-world engineering applications.

Herein, we have reviewed the performance of IBPs and synthetic mimics in non-physiological environ-
ments. We addressed common methods for measuring ice interactions, as well as the change in material
performance in non-neutral environments. The recent interest in identifying new, robust synthetic IBP
mimics will broaden opportunities for new engineering applications. New, bioinspired molecular designs
continue to increase synthetic molecule performance. We anticipate that a continued interdisciplinary
approach to materials design and further investigations on synergy for complex engineering systems
will improve IBP and synthetic mimic technology and expand their applications in a variety of fields.

We offer the following concluding remarks and insights into future directions for materials scientists in the
field of IBPs and synthetic mimics:

1. The TH activity of IBPs can be tuned to achieve desired performance. Data from the literature
show that the performance of IBPs can be tuned to target specific TH activities. TH activity can
be tuned by adding repeats of existing amino acid sequences to enlarge the IBP, creating larger
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Figure 4. The effect of non-ionic additives on the change in TH activity for different AFPs

(A) Molecules with a sugar ring with at least one pendant —OH group. (B) Molecules with a linear or branched backbone
(represented by a square) with at least one pendant —OH group.

(C) Molecules with a linear or branched backbone (represented by a square) with at least one pendant -COOH group.
(D) Table of materials reviewed in (a), (b), and (c), respectively. R groups could be a pendant —OH or other pendant
functionalities (Amornwittawat et al., 2008, 2009; Li et al., 1998; Liu et al., 2015; Caple et al., 1986).

IBP conjugates using a polymeric linker, or adding synergistic constituents to bolster TH perfor-
mance.

2. The external environment has a significant effect on IBP performance. In addition to altering IBPs on
a molecular level, solution constituents have been shown to enhance IBPs performance. Non-active
proteins, salt additives that follow the Hofmeister series and small hydrophilic molecules, such as
sugars, hydroxyl-containing molecules, or carboxyl-containing molecules, behave synergistically
with IBPs to mitigate ice growth. For IBPs, limited data indicate that these trends appear true for
IRl activity as well. Overall, IBPs show significant promise for enhancing IBP performance with certain
salts and small molecules, which may be beneficial for applications such as cryogenic fluids in aero-
space applications, where small molecules with pendant hydroxyls are already used. Further inves-
tigations should focus on elucidating the synergies between IBPs and the solution chemistry for
increasing IRl activity, reducing ice growth rate, and delaying ice nucleation.

3. Peptoids offer a promising synthetic route to approach the efficacy of IBPs for ice growth mitigation.
Peptoids have demonstrated particularly promising TH and IRl activities, mimicking the functional-
ities of IBPs without requiring protein folding to function. Peptoids additionally offer more accessible
scale-up with one-pot syntheses. Sequence-defined synthetic polymers, such as peptoids, offer
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enhanced thermal and chemical stability in addition to a tunable structure and are more readily pro-
duced than folded proteins. The design and synthesis of peptoids provides a robust route for tar-
geted, high-activity mimics of IBPs with the potential for increased control of the material structure
for higher throughput materials with targeted TH and IRl activity. However, to date, the TH activity of
remains in the marginally active category, and further research may yield peptoids in the moderate to
hyperactive categories. Additionally, the field would benefit from further peptoid investigations
based on structure, moieties, and size, as well as investigating the effects of non-physiological envi-
ronments on activity.

4. Lower cost, bioinspired synthetic mimics offer improved stability and IRI activity performance in a
wide range of solution chemistries but do not exhibit comparable TH activities of native IBPs. While
the IRl activity of IBPs is still effective at concentrations several magnitudes lower than synthetic IBP
mimics, the up-scalability and availability of synthetic production suggests promise and potential for
engineering and other applications, especially for well-studied and readily available engineering
polymers such as PVA. Unfortunately, drawing meaningful conclusions from disparate investigations
of synthetic IBP mimics is difficult due to the lack of uniformity of testing conditions, and is further
confounded by the inherent variability in polymer systems, including molecular weight, polydisper-
sity index, tacticity, and sometimes even degrees of substitution of pendant functional groups. While
many of these variables have been investigated independently for specific polymer systems, no one
conclusion can be drawn for the entirety of synthetic mimics.

While synthetic materials still require deeper understanding for their mechanism of action for
suppressing ice growth, they could offer better alternatives for engineering applications in aggressive
environments. To date, however, synthetic mimics have not been investigated thoroughly. Data from
the literature show that the performance of synthetic IBP mimics can be tuned by molecular weight
and pendant moieties, but there is limited data on the effects of solution composition. The limited
data available today, however, suggest that IBP mimics exhibit promising activity under environmental
stressors. Future investigations that determine the importance of salts, small molecules, and pH could
highlight the potential of synthetic IBP mimics to provide revolutionary ice mitigation strategies for a
variety of engineering applications. Additionally, further investigations detailing the effects of various
pendant moieties could elucidate promising new polymer architectures that are more effective at
mimicking the activities of native IBPs.

For example, self-assembled molecules, such as those shown by Drori et al. (2016) and Xue et al. (2019),
demonstrated functional group spacing similar to IBPs, lending to increased material performance.
However, self-assembling molecules have not yet been tested for resilience and IRI activity in non-phys-
iological environments with complex solution chemistries. Additionally, other self-assembling molecules,
such as liquid crystals, have controllable structure and spacing, potentially offering a dynamic system that
could be tuned to exhibit a targeted TH or IRl activity based on molecule type or environmental
conditions.

5. A proven mechanism of action for synthetic IBP mimics does not yet exist, which represents a signif-
icant—if not the primary—challenge for the field. While a paucity of molecular dynamics studies have
been performed (Naullage et al., 2017; Naullage and Molinero, 2020), further molecular dynamics
studies could be employed to further delve into and discover the mechanism(s) of action for synthetic
molecules with regard to IRl activity, ice growth rate, and potential ice nucleation. Additionally, vali-
dation of the results from molecular dynamics simulations with experiments is still needed to eluci-
date a universal mechanistic theory of ice interaction. Understanding the mechanisms of action of
IBPs and synthetic IBP mimics will ultimately improve the capacity for experimental design to target
architectures that would better mitigate ice growth.
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