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ABSTRACT: Antifreeze proteins are produced by
extremophile species to control ice formation and growth,
and they have potential applications in many fields. There
are few examples of synthetic materials which can
reproduce their potent ice recrystallization inhibition
property. We report that self-assembled enantiomerically
pure, amphipathic metallohelicies inhibited ice growth at
just 20 μM. Structure−property relationships and
calculations support the hypothesis that amphipathicity is
the key motif for activity. This opens up a new field of
metallo-organic antifreeze protein mimetics and provides
insight into the origins of ice-growth inhibition.

Antifreeze (glyco)proteins [AF(G)Ps] from the blood of
polar fish enable life to flourish in hostile, ice-rich

environments.1 AF(G)Ps have several unique macroscopic
properties including ice shaping and the non-colligative
depression of the freezing point. Their property of ice
recrystallization inhibition (IRI)slowing of ice growthis
of great technological interest. Ice growth is a major cause of
damage during the cryopreservation of tissues/cells2,3 and
cryosurgery,4 and ice growth on wind turbines, on aeroplane
wings, and in frozen food5 poses significant challenges.6,7

However, AF(G)Ps themselves are expensive and potentially
immunogenic and cytotoxic,8 making synthetic mimics
appealing for translation to application.9 The design of mimics
is complicated by the lack of a full understanding of how
AF(G)Ps function.
Ben and co-workers reported that short glycopeptides with a

simplified amino acid sequence were potent IRIs but did not
display any ice shaping or freezing point depression.10−12 This
implied that a specific receptor−ligand type of interaction is not
essential for IRI and that more diverse structures could
potentially have useful activity, but most reports still required
complex synthesis.12 More recently, surfactants,13 poly(vinyl
alcohol),14−16 and poly(ampholyte)s17−19 have emerged with
definite IRI activity. By slowing ice crystal growth, these IRI
active compounds can dramatically improve the cryopreserva-
tion of cells20−22 and reduce the concentration of toxic organic
solvents used on conventional cryopreservation.23,24

Structural analysis of AFPs shows that many are based on an
amphiphilic α-helix25,26 (as well as other rigid structures
including β-barrels) with facial amphiphilicity27 where hydro-
philic/phobic domains are segregated but without promoting

aggregation (unlike surfactants). For example, saffarin O has
been found to mimic AFPs by self-assembly into an
amphipathic fiber.28 This implies that synthetic systems with
similar architectures might be interesting candidates as new
IRIs. Helicatesmultimetallic, multistrand coordination com-
plexesresemble α-helices in terms of their diameter and
charge.29,30 We have recently designed and synthesized the first
self-assembling enantiomerically pure metallohelical architec-
tures,29 with a broad range of structurally dependent
pharmacological properties including nucleic acid binding,31

enzyme inhibition,32 and anticancer33 antimicrobial activity34

and inhibiting amyloid fibril nucleation.35 Despite their
structural complexity, these are readily synthesized from small
building blocks on a practical scale.
Considering the above, we synthesized a range of our triplex

metallohelices (Figure 1) to screen for IRI inspired by their
rigidity, optical purity, water stability, and asymmetric
amphipathic architectures. We report here the unprecedented
IRI activity of these compounds, and we suggest, based on
hydrophobicity calculations and structural analyses, that the
activity stems from amphipathic charge distribution.
The compounds shown in Figure 1 were chosen to probe

various structural matters. Both enantiomers of each com-
pound, i.e., assemblies with Δ and Λ helicity at the Fe(II)
centers, were employed (see Supporting Information (SI)). IRI
activity was measured using a modified “splat” assay. Briefly, a
small droplet of the compound in buffer was dropped onto a
microscope slide at −80 °C to seed a polynucleated ice wafer.
These were annealed at −6 °C for 30 min, and the mean largest
grain size (MLGS) was calculated relative to a PBS control.
Smaller values indicated more inhibition.
A wide range of activities was observed (Figure 2) from the

inactive to very active. A negative control, of poly(ethylene
glycol) at equal mass concentrations gave MLGS values above
80%. Enantiomers of each compound display near identical
activity, as would be expected in an otherwise achiral system.
The compounds Δ- and Λ-1 were the most potent, displaying
remarkable dose-dependent decreases in the MLGS, completely
inhibiting all ice growth at 20 μM. This is more active than
polyampholytes which are potent IRI cryopreservatives19,36 and
comparable to small molecular alkyl glycosides developed by
Ben et al.11 Budke et al. have undertaken a detailed comparison
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of various IRIs, for comparison.37 We did not see any evidence
for dynamic ice shaping, but this is typically only seen at very
high concentrations even for antifreeze proteins. The presence
of additional polar groups on one face of the helix in
enantiomers 2 and 3 attenuated the performance, and the
addition of hydrophobic groups in 4 and 5, particularly in the
case of the latter naphthyl derivative, led to reduction in
activity. Perhaps most remarkably, the triplex enantiomers 6,
which are isomers of 1, had essentially zero activity again
highlighting the strong link between structure and function in
these assemblies.
Our hypothesis is that spatially segregated hydrophobic and

hydrophilic domains are essential for IRI activity and are a
common structural feature of all AFPs and AFGPs, suggesting
that specific ice-binding faces are not essential for IRI.
Considering compounds 1−3, we see that the presence of
specific functional groups on one face of the complex is not the
source of activity as 1 (Y = H) is the most potent. However, the

physical properties of these compounds are very different from
the constituent ligands; for example without metal coordination
the ligands are essentially insoluble in water. This fits our
hypothesisessentially we have a water-soluble compound
constructed entirely from hydrophobic ligands. We thus
examined the possibility that the IRI activity might arise from
anisotropy in distribution of the charge arising from Fe2+.
All the compounds in this study feature π-stacking

interactions between coordinated pyridine ligands and pendant
(non-conjugated) phenyl groups (C-atoms colorized pink in
Figure 3a,b,e,f). Examination of several molecular structures of
compounds containing this motif (see SI),34 revealed that the
regions near the faces of the pendant phenyl groups are
essentially free of counter-anions and polar solvents. The
pendant arenes are thus able to shield the ligand-delocalized
positive charge from external species. Therefore, this substantial
anisotropy (amphipathicity) in the surface hydrophobicity of
the triplex may be the underlying cause of the observed IRI
behavior.
For peptidic α-helices, hydrophobicity is calculated or

estimated by residue-based analysis, but the systems presented
here require a bespoke computational approach. Using a
computed model of the most active compound Δ-1 we
calculated the bonding energy (AM1) of a single water
molecule at multiple positions on the surface of the complex
(see ESI for details).38,39 Figure 3a,b shows two different faces
of Δ-1 (DFT calculated structure), and the equivalent views
from the hydrophobicity calculations are shown in Figure 3c,d.
In the latter, water O-atoms are plotted in calculated positions
and colored according to the relative energy, from hydrophilic
(blue) to hydrophobic (red). The hydration energy values span
25 kJ mol−1. Figure 3a,c are viewed toward a hydrophilic face
with two partially exposed metal atoms whose charge is
delocalized over coordinated ligands. Figure 3b,d, displaying the
opposite face of the complex, depicts three distinct hydro-
phobic regions corresponding to the three π-stacked arenes as

Figure 1. Triplex metallohelices used in this study. The assemblies
comprise three equivalent asymmetric ditopic ligand strands arranged
head-to-head-to-tail and with a helical twist, thus rendering all the
ligands chemically inequivalent.

Figure 2. IRI activity of metallohelix library. (A) IRI activity
concentration dependence of metallohelices. (B) Example ice wafer
of PBS buffer control. (C) Example wafer for 1. Error bars represent
minimum of three repeats, MLGS = mean largest grain size relative to
phosphate buffer saline control. Images are of equal magnification,
scale bars are 100 μm.
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well as a more hydrophilic central region associated with the
edges of charge-bearing arenes and ether α-CH2 groups. In
contrast, for the least active compound Δ-6, the most
hydrophilic (Figure 3e) and hydrophobic (Figure 3f) faces
are actually rather similar, the latter comprising end-on π-stacks
and an additional charge-exposed region (bottom left). We
propose that this accounts for the dramatic difference in IRI
performance between these two isomeric compounds. Finally,
we determined the crystal structure of 6 as a perchlorate salt
which shows that in the solid state the cation is quite uniformly
surrounded by anions and solvent, i.e., no apparent charge
anisotropy (see SI).
The triplex metallohelices compare favorably with previously

reported IRI-active small molecules, being more active than
carbohydrate based surfactants with the exception of n-octyl-β-
D-galactopyranoside and a lysine-based cationic surfactant for
which similar levels of activity was reported.11 They are also
more active than most reported polymeric inhibitors,17,19,36

apart from poly(vinyl alcohol) which has unusually high
activity.40 While PVA is a flexible polymer, it is also a surfactant,
and hence does have amphipathic characteristics. Triplex
metallohelices are synthetically more accessible than glycopep-
tides, and have the benefit over polymeric inhibitors in that
they have no molecular weight dispersity. Further, our
hypothesis regarding charge anisotropy can be tested readily
by synthesizing a range of systems designed to modulate this,
e.g., with different heterocycles and pendant arenes, and
provides a scaffold to obtain further structure−activity
relationships which may help us to understand the fundamental
origins of ice growth inhibition and lead to the design of
practical synthetic IRIs.
In conclusion, this Communication demonstrates a new

concept in ice recrystallization inhibition based upon self-
assembled, enantiomerically pure metallohelical architectures. A
wide range of activities is observed, the most active compound
displaying a distinctly amphipathic architecture arising from
asymmetric folding of the helix as encoded by the chiral ligands.

We propose, on the basis that natural antifreeze proteins have a
similar amphipathic structure, that this is the physical origin of
the IRI activity, but it is not clear if a helix is essential. More
generally, our observations indicate that rather than using
traditional functionalization in order to generate metallohelices
that mimic peptide α-helices, we should consider ways in which
charge anisotropy and thus hydrophobicity can be controlled.
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