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Antifreeze proteins (AFPs) are the key biomolecules that protect many species from suffering the extreme
conditions. Their unique properties of antifreezing provide the potential of a wide range of applications. Inspired
by the present experimental approaches of creating an antifreeze surface by coating AFPs, here we present a
two-dimensional random-field lattice Ising model to study the effect of AFPs on heterogeneous ice nucleation.
The model shows that both the size and the free-energy effect of individual AFPs and their surface coverage
dominate the antifreeze capacity of an AFP-coated surface. The simulation results are consistent with the recent
experiments qualitatively, revealing the origin of the surprisingly low antifreeze capacity of an AFP-coated
surface when the coverage is not particularly high as shown in experiment. These results will hopefully deepen
our understanding of the antifreeze effects and thus be potentially useful for designing novel antifreeze coating

materials based on biomolecules.
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I. INTRODUCTION

Antifreeze proteins, also known as ice-binding proteins
(IBPs), have the fascinating capacity of depressing the freezing
temperature of water [1-5], which allows bacteria [6], fish
[7], plants [8], and insects [9] to survive at temperatures
even below 0°C. This unique property of inhibiting water
freezing provide the potential of a wide range of applications
in the food industry [10-12] as well as in cryopreservation
techniques [13,14], from conferring the freeze resistance of
plants [15,16] to inhibition of gas clathrate formation [17,18],
etc. Recently, by chemically coating AFPs onto various
substrates, it was found that the surfaces were enabled to
hinder the freezing of water on them more efficiently in
comparison with a traditional hydrophilic polymer-coated
surface [19,20]. This could provide a more efficient and
environmentally friendly way to prevent or delay surface ice
formation, which is a major problem in numerous applications
such as aircrafts, power lines, air conditioners, wind turbines,
etc. [21-24].

To explain the effects of AFPs, Raymond et al. developed
a theory called adsorption-inhibition mechanism [25], which
stated that the specific ice-binding face of AFPs in the
solution binds to the surface of nascent ice crystals and
the bound AFPs inhibit further growth and recrystallization
of ice crystals due to the Kelvin effect [26,27]. Although
the adsorption-inhibition mechanism is widely accepted to
illustrate the antifreeze mechanism of AFPs in a solution or
cell, it does not apply to the AFP-coating cases. Since all
AFPs are attached to the surface with their ice-binding faces,
they are not able to move and to bind to ice crystals. In a
very recent experiment, Liu ef al. coated the silicon substrate
with AFPs by attaching the ice-binding face of AFPs onto
the substrate and keeping the non-ice-binding face exposed
to water [28]. The experiment discovered a surprisingly low
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antifreeze capacity of AFP-coated surface if the AFP coverage
was not particularly high, and a sharp decrease in the freezing
temperature of water only at relatively high coverage. This
result is completely different from the free AFPs in solution,
which have strong antifreeze capacity at low concentra-
tion [1,4,29], and raises a fascinating question of what is
the origin of this low-coverage plateau of the AFP-coated
surfaces.

In principle, molecular simulation is a good way to gain
insights into this problem. However, due to the large size
and the long time scale of this water-AFP-surface system,
the traditional molecular dynamics simulation may require
an extremely (if not impractical) high computational cost.
Here, we present a coarse-grained two-dimensional (2D)
random-field Ising model to simulate the freezing of water
on the AFP-coated surface, which provides a mesoscopic
understanding of heterogeneous ice nucleation. In this model,
a thin layer of water on the water-substrate interface is
described by a 2D lattice, and each AFP is represented as
an external field, which acts locally on a small region of
the lattice to decrease the difference of chemical potential
between the ice and water and thus inhibits freezing. We
demonstrate that the size of individual AFPs and their coverage
on the coated surface, as well as the antifreeze capacity
of each individual AFP dominates the freezing temperature
of water. Our results show that the ice nucleation likely
happens in gap regions of the surface without covering of
AFPs. For low-coverage AFP-coated surfaces, there exists a
large-enough gap region where an ice nucleus can grow up to
critical size. Therefore, the ice nucleation that dominates the
freezing temperature is not hindered by AFPs effectively. On
high-coverage surfaces, due to the small size of gaps, the ice
nucleation is hindered by the coated AFPs before the nucleus
grows up to the critical size. The results provide a reasonable
explanation for the low-coverage plateau found in experiments,
and show that smaller-sized AFPs may have stronger antifreeze
effects in comparison with larger-sized AFPs at the same
coverage.
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II. METHODS

The interfacial water on the substrate surface is represented
by a 2D lattice. In this lattice model, each lattice site has two
states, ice or water. The AFPs on the surface are considered to
decrease the difference of chemical potential between ice and
water, by mimicking the changed free-energy barrier of ice
nucleation around the non-ice-binding face of the AFPs [5].

The free energy of the system presents as

G=G;+G.+G,. (1)

G; is the interaction energy of adjacent sites, from the
interfacial free energy between ice and water. G, represents
the chemical potential difference between ice and water, and
G, denotes the free-energy contribution of AFPs. The first term
competes with the summation of the final two terms during the
nucleation of ice.

For each lattice site i, we apply a discrete variable S; equals
to 1 or —1, indicating if the site i is water or ice, respectively.
Another discrete variable A; equals to 1 or 0, denoting if there
is AFP covering the surface at the site i or not, 1 for covered
and O for uncovered. Then, we have,

1
Gi =3¢ ;a — 5:8)), )
Ly

where g is the ice-water interfacial free energy per each
adjacent site. The summation is limited in all the pairs of
adjacent sites.

G, can be written as

1
Gep = A1) i, 3)

where AL = [ice — Uwater 1S the chemical potential difference
between ice and water at a single site. The Au can be
transformed into Aw = L, (To — T)/Ty, where L, is the
latent heat of water freezing at a single site, and 7 is the
temperature of system [30,31]. T is the melting point of bulk
water, here Ty = 273.15 K.

G, indicates the antifreeze property of AFPs on the surface,
and

1
G, = EZ[aA,- + B(1 — ADIS;, 4)

where « denotes the decrease of chemical potential difference
between ice and water caused by AFPs, and B denotes the
decrease caused by the AFP-uncovered surface.

The effect of AFPs and uncovered surface on ice and water
described by G in Eq. (4) can be merged into G, in Eq. (3).
‘We have,

1
Gz—Engis,+Zh,-S,-, 5)
(ij) i
where
Ly
hi = —[To+ T, A; +Tg(1 — A) —T1]. (6)
2T,

Here we have already ignored the unimportant additive con-
stant of the free energy in Eq. (5). In Eq. (6), T, = aTy/L,, and
Ty = BTy/L,, represent the shifting of freezing temperatures
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in the 2D model caused by AFPs and the uncovered substrate,
respectively. The two sums in Eq. (5) correspond to the
adjacent interaction and the external magnetic field in the
well-known Ising model. For simplicity, we concentrate on
the effect of AFPs, and the effect of the uncoated surface is
ignored, thus here Tp is set as 0.

To estimate the parameter g and L,,, we consider each
lattice site as a right square prism of water or ice, with
the length of / and the height of 4. Then, g =lho and
L, =I*hL,,, where ¢ is the interfacial tension between
ice and water, and L, is the latent heat per unit volume.
The interfacial tension o is a parameter that can only be
roughly estimated [31]. In the present simulation, we consider
o =25 x 1073 Im~2. The other parameter latent heat is taken
as Lo = 3.3 x 103 Jm~>. It should be noted that these two
values are for the bulk water, which may be slightly different
for the interfacial water. However, in the current case, we
mainly focus on the effects of AFPs, which are not affected
qualitatively by these two parameters, o and L, if they vary
within a reasonable range.

For the geometric parameter /, since it only determines the
way to cut the surface into a lattice, it is critical for simulation
efficiency, but not related to the equilibrium properties of the
system. In this work, we found [/ = 2.5 A is a suitable value.
The other geometric parameter 4 represents the thickness of
the water layer we study, which is taken as 8 A, containing
about four solvation shells, slightly thicker than the hydration
water layer around the nonbinding face of AFPs [5].

At the beginning of all simulations, AFPs are randomly
placed according to various size, shape, and coverage settings.
Using the Monte Carlo (MC) method to simulate a cooling
process, we initiate the simulation at a relatively high temper-
ature, at which the entire lattice is water. We run the system for
1000 MC turning attempts per lattice site in average, then lower
the temperature by 0.1 K. We repeat this running and cooling
procedure until the entire system turns into ice, then we get the
freezing temperature where half of the system is frozen during
each individual simulation. We repeat the simulation 100 times
by randomly resetting the AFP locations on the substrates to
calculate the mean freezing temperature. The size of lattice is
720 x 720, a slight adjustment would be implemented if AFPs
of some specific sizes and shapes are not able to cover the
entire lattice, and the lattice model is presented with periodic
boundaries.

III. RESULTS AND DISCUSSION

The mean value of S; of all sites, M, is calculated for every
simulation step, and the average of M at each temperature in
a typical cooling process is shown in Fig. 1. (M + 1)/2 gives
the fraction of ice in lattice. The M-temperature figures of all
simulations share the same graphic feature of Fig. 1, as the
curve drops sharply near the freezing temperature. The model
shows the property of first-order phase transition, the same as
the real water freezing process. Also the same as real water,
even for the AFP-uncovered surface, the nucleation can only
happen at a supercooling temperature below the melting point
in simulation. The temperature at which M = 0 is considered
as the freezing point of the system.
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FIG. 1. The average of M at each temperature in a typical cooling
process. M is the mean value of all S; at each MC step. Here, the
freezing temperature is calculated as —22.7 °C.

From a microscopic point of view, for all simulations, in the
early stages of the cooling processes, a few isolated ice sites
appear, mostly in the areas that are not covered by AFPs, but
usually disappear after some MC steps. As the temperature
is decreased to the freezing point, many small adjacent
ice sites begin to emerge into groups, occasionally to form
one big ice nucleus, i.e., an ice nucleation event happens. If
the ice sites group can grow larger than the critical nucleus,
it will develop rapidly and end up freezing the entire system.
The size of critical nucleus of the system can be estimated by
classical nucleation theory. In the temperature range studied,
the critical nucleus contains about 67 lattice sites in diameter,
corresponding to a free-energy barrier of about 20 kgT.

In order to study the antifreeze properties of AFPs, the
effects of the size of AFPs, the cooling rate of system, and T,
are investigated in the following.

A. Effect of AFP sizes

The antifreeze capacity of AFPs of various sizes at different
coverage are shown in Fig. 2. The freezing-temperature-
coverage curve of particularly small AFPs is close to a straight
line, while the curve gradually becomes more convex upward
as the AFPs become larger. For small-sized AFPs, the freezing
temperature of water on AFP-coated surface decreases in
proportion to coverage. However, for large-sized AFPs, they
show very little antifreeze capacity at low coverage.

The result of a recent experiment relevant to our simulation
work is shown in inset of Fig. 2 [28]. In the experiment,
by measuring the freezing temperature of tiny water droplets
on an AFP-coated substrate of various coverage, a freezing-
temperature-coverage curve was obtained. The experimental
normalized coverage was calculated from the mass of AFPs
deposited on substrate. The calculated normalized coverage is
slightly different from the theoretical coverage in simulation
at extremely high coverage because in reality the AFPs cannot
cover the entire surface without leaving any gaps, and the
mass increase of coated AFPs may be due to a few overlaps. In
general, our simulation results of large-sized AFPs agree well
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FIG. 2. The freezing temperature of water on surfaces covered
with AFPs of various sizes and shapes at different coverage. In
the main figure, the size of AFPs range from single site (1 x 1) to
rectangle (60 x 40), and the letter R indicates the AFPs have random
orientation. The straight dotted line is from the mean-field theory.
Here, T, = 5.6 °C. The inset is replotted from the experimental result
presented by Liu er al. [28].

with their experimental result qualitatively. The coated surface
shows little antifreeze capacity at a low AFP coverage, while
the freezing-temperature-coverage curve declines drastically
at high coverage.

In order to study the microscopic antifreeze mechanism,
four typical ice nucleation events on surfaces covered by AFPs
with same coverage but different sizes and shapes are shown
in Fig. 3. On a surface covered by relatively large-sized AFPs
such as 50 x 50 or 60 x 40, an ice nucleus can easily form and
grow in the gap between AFPs, as shown in Figs. 3(a)-3(c).
When this ice nucleus grows to the AFP-covered area, its
size is considerably larger than the critical size, and the free
energy of the system declines sharply as it grows. Under this
circumstance, the antifreeze effect of AFPs is limited. Their
antifreeze capacity mainly reflects in reducing the nucleation
rates by restricting the possible nucleation area.

To investigate the effect of shape and the orientation
degrees of freedom of AFPs, we simulate AFPs as squares
and rectangles, with and without rotation. The size of the
rectangular AFPs is 60 x 40, whose area is similar to that of
the square AFPs with size of 50 x 50. In rotational cases, the
orientation of every AFP is randomly chosen from 12 possible
ones. As shown in Fig. 2, these three curves almost coincide
with the curve of the square AFPs (50 x 50) without rotation,
indicating that the shape change and orientation degrees of
freedom are of little significance for the antifreeze capacity
of AFPs on surface. This result confirms our explanation of
the antifreeze mechanism that the antifreeze capacity of the
AFP-covered surface is dominated by the distribution of gaps
between AFPs, since the shape, square or rectangular, and
the orientational freedom do not change the gap distribution
substantially.

However, on a surface covered by small-sized AFPs,
the spacing areas between AFPs are too small for the ice
nucleus to grow. As a result, the ice nucleus extends to many
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FIG. 3. Four typical ice nucleation events when substrate surface is covered by AFPs of different sizes and shapes but at the same coverage
40%. The surface is represented in pink, and the attached AFPs are indicated by red squares or rectangles. The blue color represents ice.
Specifically, the light blue indicates ice on uncovered surface, and the dark blue represents ice on the top of AFPs. Water is considered to be
transparent. The four types of AFPs in are: (a) square AFPs of size 50 x 50 (lattice sites), (b) rectangular AFPs of size 60 x 40, (c) rectangular
AFPs of the same size as in (b) but having random orientation, and (d) pointlike AFPs each covering only single site. The entire panel consists
of 750 x 750 sites in (a), and consists of 720 x 720 lattice sites in (b), (c), and (d).

AFP-covered sites when growing, as shown in Fig. 3(d).
Under these circumstances, the effect of randomly placed
discrete external fields appears to be a uniform mean field.
So A;, which equals to 0 or 1 representing the covering state
of AFPs on site i, can be replaced by a uniform continuous
variable, the coverage of AFPs, C. It is equivalent to reset the
bulk melting temperature in Eq. (6) as a linear function of C.
Then, we approximately have a linear freezing temperature
on the coverage from C = 0-1, which is consistent with the
simulation results of small-sized AFPs.

Based on our simulation results and analysis above, the ice
formation in the gap between AFPs is the origin of the low-
coverage plateau in the experimental result. For large-sized
AFPs in simulation, since each lattice site is considered to
be a right square prism with the length / of 2.5 A, and the

magnitude of the real AFP size is several nanometers, it is
quite reasonable that in the simulation model the large-sized
AFPs, which contain dozens of sites but not the small-sized
AFPs may offer a much better description of the real systems.

B. Effect of the cooling rate

In our simulations, the cooling process takes a step-
down approach, which lowers the temperature by 0.1 K after
1000 MC turning attempts per lattice site in average. To
confirm that this nonequilibrium process is slow enough,
we do simulations with 10 times slower cooling rate, i.e.,
each lattice site takes 10000 turning attempts in average at
every temperature. The freezing-temperature-coverage curves
at both cooling rates are shown in Fig. 4. For the AFP-coated
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FIG. 4. The freezing temperature at different cooling rates. Each
lattice site takes 1000 MC turning attempts in average at original
cooling rate (cyan line), and takes 10000 at the slower cooling rate
(red line). The difference between AT, (AT at the original cooling
rate) and AT, (AT at the slower cooling rate) are calculated, as shown
by the gray line. The size of AFPs is 20 x 20 in both simulations, and
T, =5.6°C.

FIG. 5. The freezing temperature of water on surfaces covered
with square AFPs of different sizes and 7,. In the legend: number
indicates the length of AFP square lattice, and letter indicates the
relative magnitude of 7, small (S), medium (M), or large (L).
The three parameters are Ty sman = 4.5 °C, Ty mediom = 5.6°C, and
T, 1arge = 9.0°C. Here each freezing temperature is averaged from 500
independent simulations at the same condition but different random
realization of AFP positions, without considering the orientation
degrees of freedom of AFPs.
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TABLE 1. The simulational and theoretical resutls of freezing
temperature depression AT for surfaces fully covered by AFPs with
different 7,. The unit of values in the table is °C.

AT Small Medium Large
Simulational 4.44+0.1 5.4+0.1 8.4+0.1
Theoretical 4.5 5.6 9.0

surface, the antifreeze effect of AFPs can be represented by the
freezing temperature depression AT, which is the difference
between the freezing temperature of water on AFP-covered
and noncovered surfaces. In order to investigate the effect
of the slower cooling rate, the difference between AT of
the two simulations (of the original and the slower cooling
rate) is calculated. As shown by gray line in Fig. 4, AT
remains unchanged for the slower simulation, and the freezing
temperature shift of water on the noncovered surface is not
related to our explanation for the antifreeze mechanism of
AFPs. So we conclude that the original cooling rate is slow
enough to avoid the nonequilibrium effect on our conclusions.

C. Effect of the parameter 7,

While the difference in antifreeze capacity of different-
sized AFPs is due to the influence of the AFP population,
the parameter 7, reflects the antifreeze capacity of individual
AFPs. The freezing-temperature-coverage curves of two dif-
ferent size AFPs with three different 7, are shown in Fig. 5.
For the same-sized AFPs, the freezing temperature decreases
with T,, proportionally, and the shape of the curves is straight
for the small-sized AFPs and convex for the larger ones.

In order to check the compatibility of simulation and
theory, the simulation results and theoretical value of freezing
temperature depression AT at AFP full-covered surface are
calculated, as shown in Table I. The theoretical value of AT
for a full-covered surface is T, — Tg. The simulational results
shown in the table are consistent with the theoretical.

IV. CONCLUSIONS

Inspired by the latest experimental approaches of creating
an antifreeze surface by coating with AFPs [19,20], we present
a two-dimensional lattice model to investigate the effect of
AFPs on heterogeneous ice nucleation. The simulation results
show that the antifreeze capacity of an AFP-coated surface
depends on coverage strongly. The antifreeze capacity of AFPs
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changes from colligative to noncolligative as size increases.
For small-sized AFPs, the freezing temperature depression of
the AFP-coated surface increases in proportion to coverage;
the effect of AFPs can be considered as a mean field. However,
for large-sized AFPs, the antifreeze capacity is restrained
due to the large gap area between them, which weakens
the antifreeze capacity of a low-coverage coating surface.
The results are consistent with the recent experiments, and
provide a reasonable explanation for the surprisingly low
antifreeze capacity of an AFP-coated surface if the coverage
is particularly high. Moreover, a crucial factor, the amount of
free-energy change of water in the solvation shells outside the
AFP non-ice-binding face, as « in the context, is estimated,
which may be useful in theorety or experiments in the future.
Furthermore, the understanding of the antifreeze mechanisms
of the AFP-coated surface presented here would certainly
benefit the antifreeze industries.

It should be pointed out that there are some limitations of
the 2D model. Since the real system is three dimensional, a
3D Ising model might be more accurate and more general to
study ice freezing in more complicated environments, such as
in AFP-covered rugged surfaces. The model we present here
would only apply to a geometrically smooth AFP-covered
surface.

Although we are able to gain a global view of antifreezing
through this lattice model, all molecular details are missing
unfortunately. There have been many more accurate molecular
dynamics simulation studies on AFPs [5,32-34], however, they
all focus on a very small scale, usually a single protein or even
apart of it. In our coarse-grained model, not only the antifreeze
properties of individual proteins, but also the behavior of the
protein population are studied. Our results indicate that at
least the initiation of freezing, the nucleation process, might
be able to be studied by MD simulation, since it happens in
a small local spatial region. Therefore, although the present
coarse-grained lattice model loses the molecular details, it
provides a mesoscopic understanding of freezing, and might
be useful to combine with some local MD simulations in the
future to investigate the more precise details.
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