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ABSTRACT  Antarctic fishes synthesise antifreeze proteins which can effectively inhibit the growth of ice crystals. The mechanism relies on
adsorption of these proteins to the ice surface. Ellipsometry has been used to quantify glycopeptide antifreeze adsorption to the basal
and prism faces of single ice crystals. The rate of accumulation was determined as a function of time and at concentrations between

0.0005 and 1.2 mg/ml. Estimates of packing density at saturation coverage have been made for the basal and prism faces.

1. INTRODUCTION

Many polar fishes synthesise antifreeze proteins (AFs)
which lower the freezing point of their body fluids a few
tenths of a degree below the freezing point (—1.9°C) of
seawater. In the Antarctic nototheniid fishes and in some
northern cods the AF’s are glycopeptides, while in the
bipolar zooarcid fishes, some northern flat fishes and
sculpins they are peptides (1-4). These AF’s lower the
freezing point via a non-colligative process and therefore
make only a negligible contribution to the osmotic con-
centration of the fishes’ body fluids. At physiological
concentrations (35 mg/ml), they inhibit the growth of
endogenous ice crystals to temperatures 1.4°C below the
equilibrium freezing point (melting point) which for
blood is —1°C (1). This separation of the freezing pro-
cess and the equilibrium freezing point has often been
referred to as thermal hysteresis and is characteristic of
the AF’s. It also occurs in aqueous solutions of purified
antifreeze.

Although the exact mechanism of the freezing inhibi-
tion has not been ellucidated, it has clearly been demon-
strated that with all of the various AF’s adsorption to ice
is involved (5), and it has recently been shown that the
adsorption to ice crystal faces is antifreeze specific and in
many cases completely inhibits growth on those faces
(6). Although adsorption is important it is not known
exactly how adsorption inhibits growth on the adsorp-
tion plane. It has been proposed that adsorption of AF’s
to the growth faces divides them into many small fronts
which have a high surface area to volume ratio. This
increase in surface free energy is thought to produce a
local depression of the freezing point (the Kelvin effect).
Although adsorption is crystal plane specific (6) and the
antifreeze hysteretic effect saturates between at 35 and
40 mg/ml, it is not known how much AF is adsorbed to
the adsorption planes of ice.

This paper describes a quantitative study of the ad-
sorption of antifreeze glycopeptides to the basal and
prism faces of single ice crystals using ellipsometry.
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University of Wellington, P.O. Box 600, Wellington, New Zealand.

1.1 Antifreeze glycopeptides

Antifreeze glycopeptides (AFGPs) are present in at least
eight distinct sizes in the antarctic nototheniid fishes
ranging in molecular weight from 2,600-34,000 D. The
different sizes are composed of repeats of the glycotri-
peptide, ala-ala-thr with the disaccharide, galactosyl- V-
acetylgalactosamine glycosidically linked to each threo-
nine (7). In contrast to the large AFGP’s the small ones,
7 and 8 have prolines substituted for alanine at positions
7, 10, and 13. The larger fractions (AFGP 1-5) have a
greater freezing point depression activity than the
smaller fractions (AFGP 7, 8) (8). Their basic structure
is thought to be a three-fold left-handed helix (9), with a
diameter of 8 or 9 A (5) and lengths ranging between
~40 and 400 A. The repeating hydrophilic carbohydrate
side chains appear on one side of the molecule while
most of the methyl groups of the alanine side chains are
located on the other side, and this amphiphilicity is
thought to be important for strong binding of the
AFGP’s to the ice surface (6, 10).

1.2 Adsorption to ice

Recent reviews of the various models put forward to ex-
plain the antifreeze mechanism have been given by
Avanov (11), Knightetal. (6), Hewand Yang (12) and
Wilson (13). The first detailed model proposed for the
mechanism of action of these AF’s is that of Raymond
and DeVries (5), who termed it adsorption-inhibition
(AI). It was proposed that AF molecules hydrogen-bond
to the ice lattice and cause ice steps to grow between
adsorbed molecules.

Direct evidence for AF adsorption to ice has come
from diverse experiments, including the following: (a)
Using surface enhanced second harmonic generation
(SSHG), Brown et al. (14) showed that adsorption of
AF occurs at the ice surface. Adsorption causes inversion
asymmetry which is detectable by SSHG. Their results
were not ice crystal-face specific and the intensity of the
second harmonic signal did not appear to saturate with
increasing AF concentration (to 100 mg/ml).

(b) Recent experiments by Knight et al. (6, 15) have
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been able to show particular adsorption planes for
various peptide and glycopeptide AFs. By growing hemi-
spherical, single ice crystals and observing etch patterns
produced by preferentially-adsorbed dilute AF solutions,
they found particular types of AF bound to specific crys-
tal planes. They reported that they AFGP 7, 8 bind to the
primary prism planes (1010). Their results showed that
low concentrations (0.03 mg/ml) the AF’s become ad-
sorbed to and incorporated into specific ice faces. It has
also been reported that AFGP 1-5 bind to the (4150)
plane for concentrations less than 0.03 mg/ml, changing
to the (1010) plane at higher concentrations (C. Knight,
NCAR, personal communication ).

1.3 Ice crystal habits in the presence
of AF

Raymond et al. (16) report that single ice crystals sus-
pended in AFGP 1-5 solutions at temperatures within
the hysteresis gap formed hexagonal pits on the basal
plane. The flat surface of the basal plane diminished dur-
ing c-axis growth, which then stopped when the basal
plane was completely transformed into a pitted surface.
In contrast, in the presence of AFGP 7 and 8, c-axis
growth occurred to a greater extent and the edges of the
basal plane formed bipyramidal faces. Growth at any
temperature within the hysteresis gap resulted in the
crystal taking the shape of a hexagonal bipyramid and
once complete no further growth could be detected.

2. CRYSTAL GROWTH

In the experiments described here single ice crystals were
grown by slow freezing from the surface of a well-insu-
lated bucket with 3 liters of distilled, deionized water.
Identification of the crystal boundaries and the basal
plane was by crossed-polaroids. Determination of the
crystal axes for prism interface experiments was by ob-
servation of Tyndall flowers produced within the crystals
by radiation with a 1,000 W quartz-halogen lamp. This
radiation also caused liquid water to force grain bound-
aries apart, and the frozen slab to separate into the indi-
vidual crystals. Single seed crystals (~10 mm cubes)
were then cut and mounted in the ellipsometer cell on
the cold stub (see Fig. 1). Distilled, deionized water at
+0.05°C was then introduced to the cell and the tempera-
ture lowered via the cold stub. In this way heat transfer
was through the crystal, which grew to fill the cell to the
desired height. The rate of growth was set at ~0.5 mm/h
until the ice-water interface was at the correct height,
when the thermal gradient was set at 1 or 2°C/mm, per-
pendicular to the interface. This relatively large gradient
was required to keep the surface flat and so aid in reflect-
ing light specularly into the detector. The interface could
be raised and lowered by careful control of the current to
both the Peltier device and the nichrome wire heater at
the top of the liquid level. To achieve this the overall

reflected incident
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P e / cooling fluid
heat sink———» =
FIGURE 1 The ellipsometer cell consisted of a double-walled glass

hemisphere mounted on a cold stub. Vacuum between the walls acted
as an insulator to reduce condensation. The ice/water interface could
be maintained at the desired height by controlling the Peltier and heater
currents. Heat removed from the liquid via the cold stub ensured single
crystal growth with orientation set by the positioning of the seed crystal.
The glass was annealed to reduce strain and hence unwanted birefrin-
gence. Solutions were added to the water above the ice by passing a
syringe needle through the same tube as the heater wires.

temperature gradient was held constant and both
currents altered to move the interface, which could be
maintained at the center of curvature of the glass over
extended periods. (It is desirable for the incident and
reflected light to meet the glass of the cell wall at normal
incidence). At the end of each experiment the ice was
removed and checked for orientational integrity and
crystal singularity.

3. MEASUREMENT OF ADSORPTION BY
ELLIPSOMETRY

Ellipsometry determines the state of polarization of light
reflected from an interface, and is a sensitive tool for the
analysis of surface adsorbants. The optical properties of
two phases separated by an interface will in general be
different, and in the transition region between the
phases, departure of the dielectric constant (or refractive
index) profile from a sharp step-type interface induces a
small component of circular polarisation. This can be
studied by measuring the ratio r, r = r,/r,, where r, and
r, are the p and s wave reflection amplitudes. Circular
polarisation causes this ratio to be complex r = Re(r) +
iIm(r). At the Brewster angle 85, Re(r, 0g) =0,and p =
Im(r, 0g) is directly proportional to departures from the
step profile. p is called the coefficient of ellipticity, or
ellipticity for short. Measurements of ellipticity provide
both the magnitude and sign of p, and the sign in particu-
lar can be very useful in identifying an appropriate
model for the transition region, as we shall see.

Water is optically isotropic, but ice is weakly anisotro-
pic, and this anisotropy extends into the transition re-
gion between the phases (Beaglehole and Wilson, 1992,
in preparation ). With axes z normal to the interface, and
x lying in the plane of incidence, p for an anisotropic
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FIGURE 2 (a) In a pure water system the dielectric constant varies
continuously between bulk ice and water, and can be modelled by a
tanh profile. (b) A model for adsorbed AF with dielectric constant ¢ >
€y, &30

transition region of dielectric constant ¢,, ¢, lying be-
tween an incident isotropic medium with dielectric con-
stant ¢, and an anisotropic medium of dielectric constant
&5, &, for thin transition regions is

(&) + e2,) 1 (1)

-_T
P 7N (o =)' (egatr, — 1)
with
5= _f dz[ (e2t2: — €1) B (e2: — &1) ¢, — CZxcl] . (2)
(e — &) (e — &1) &z

The transition region in a one component system is
often modelied by a continuous profile characterised by
a thickness §, where the properties of the interface vary
smoothly from one side of the interface to the other, see
Figure 2. A tanh profile uses (neglecting interface anisot-

ropy)
_ (1t &)  (a—¢)

2 + 3 tanh (z/26). (3)

e(2)

For light incident from water to ice ¢, > ¢ > ¢,, so that ¢
and hence p are negative. However, if a layer of AF ad-
sorbs to the ice surface, a model in which £( z) steps be-
tween the ice and water value is more appropriate, Fig. 2,
and in this case 7 and p are positive, £(2) > ¢,, ¢,.

The birefringence modulation ellipsometer has been
utilized extensively by Beaglehole to study the ice-va-
pour interface (17) and more recently vapour-adsorp-
tion on solid surfaces (see for instance, see reference 18).
The ellipsometer produces signals which are directly
proportional to the real and imaginary parts of the com-
plex reflectivity ratio r; the ellipsometer automatically
finds the Brewster angle by driving the angles of inci-
dence and reflection until a zero in the Re(r) is obtained.

The dielectric constants used for ice take into account
anisotropy and based upon Furukawa et al. (19) are Ba-

sal plane: ¢, = 1.7136, ¢,, = 1.7098 Prism plane: ¢,
varies between 1.7098 and 1.7136, average value 1.7117,
&,, = 1.7136. The value for ¢, used for the water (at 5,500
A)is 1.7780.

Inserting these values into the expression above gives
for the basal plane p = —0.01597, and for the prism plane
p = —0.01649 (with 7 in A units).

4. THE ICE-WATER INTERFACE

In modeling the adsorption of AF to the surface of ice it
has been common to consider the ice-water interface to
be smooth and well defined (see for example reference
10). The transition from ice to water is, in fact, more
gradual, but to date only theoretical estimates rather
than measurements of its thickness have been available
(20). The ellipticity of the ice-water interface was mea-
sured for each crystal before the antifreeze was intro-
duced into the water phase. It was found to be consis-
tently small and negative, and differed systematically be-
tween prism-water and basal-water interfaces, having an
average value of —0.0014 = 0.0005 for the prism face,
and —0.001 + 0.0007 for the basal face. The interpreta-
tion of this data including effects of interface anisotropy
in a continuous transition region is discussed in another
paper (Beaglehole and Wilson, in preparation); briefly,
the data support a model of the transition region with a
10-90% thickness of ~2 nm, i.e., the distance over
which the dielectric constant varies from 10 to 90% of
the value difference (21 ). Results strongly indicate pref-
erential molecular alignment in the transition region.

5. ADSORPTION AT THE PRISM FACE

In the following experiments and discussions AFGP 1-5
refers to a mixture of the five heaviest glycopeptides, and
AFGP 7, 8 describes a mixture of the two lightest, while
AFGP 8, describes the lightest alone. The glycopeptide
antifreezes were isolated from blood serum of the An-
tarctic nototheniid Dissostichus mawsoni by DEAE ion-
exchange chromatography. Freeze-dried, purified pro-
tein was dissolved in distilled, deionized water (conduc-
tivity > 18 MQ cm) to the various concentrations used.
We report here only glycopeptide adsorption. Work with
peptides will be published in the future.

Once p was measured for the pure ice-water interface,
0.1 ml of aqueous AF at a concentration, ¢ and at 0°C
was added by syringe to the 4 ml water above the ice.
Concentrations given below were calculated as total AF
(mg) per 4.1 ml of water. In each case the AF solution
was added to the water 2 mm below the surface and
allowed to diffuse to the interface. After several minutes
p changed to a positive value substantially larger than the
initial negative value for the ice-water interface. This
variation in p was thus consistent with that expected for
AF adsorption. From this change, the change An due to
the AF adsorption was found. Fig. 3 shows typical time
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FIGURE 3 (a) Adsorption of AFGP 8 onto the prism plane as a func-
tion of time. Concentration was 0.675 mg/ml after addition to the
water above the ice. The negative p signal changed sign when AF was
added at time ¢ = 0, and saturated as time progressed. Monitoring the
signal for longer time periods ( 15 h) showed that the AF did not desorb,
and there was no measurable ice growth at the interface. () Adsorp-
tion of AFGP 1-5 onto the prism plane for two different crystals, both
with AF added at 1.2 mg/ml. Again, no desorption was seen and the
antifreeze effectively halted the interface growth, and the surface re-
mained smooth.

dependence curves for adsorption of AFGP 8 and AFGP
1-5 on the prism plane. These time periods are similar to
published adsorption curves for proteins at inorganic
surfaces (22, 23). The signal remained steady for at least
the longest observation time of 15 h, indicating satura-
tion coverage.

There was some variation in the change in p between
crystals, larger than the instrumental error in p of
+0.0002. The variation has been attributed to the optical
alignment, which varied in each case since the reflecting
surfaces were not perfectly horizontal or flat. The weak
intensity of light reflected from the ice-water interface
made optical alignment difficult. For low concentration
solutions the alignment was even more difficult, since
the interface tended to grow or recede at rates of at least

100 um/h. It was found that higher concentrations of AF
helped to stabilize the interface, allowing the measure-
ment of p over longer periods.

When plotted as a function of concentration, see Fig.
4, An was found to increase and level off at approxi-
mately 0.35 A, for concentrations greater than 0.2 mg/
ml. This appears to be a typical adsorption isotherm
(23). There was little difference between AFGP 1-5 and
AFGP 8. In all cases the ice surface remained smooth,
and no pitting was observed.

Knight has suggested that at low concentrations the
(4150) faces have a higher preference for AFGP 1-5 ad-
sorption than the (1010) faces, so the former perhaps
would have a higher saturation adsorption than some of
the values we are reporting here.

6. ADSORPTION AT THE BASAL FACE

In all cases when the AFGPs were added to the water
above the basal face, p changed sign, as it did for the
prism face above, but surface roughening then occurred.
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FIGURE 4 Prism plane adsorption as a function of concentration, (a)
on a logarithmic concentration scale, (») on a linear scale. We see a
general trend towards greater Ay values with increasing concentration
of both AFGP 1-5 and AFGP 8. Saturation occurs above ~0.2 mg/ml
AF concentration for both AFGP 8 and AFGP 1-5.
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With AFGP 1-5 the surface formed visible pits. These
pits were similar to, but not as deep as, those described
by Raymond et al. (16), probably because the tempera-
ture gradient across the interface would limit the region
of growth.

With AFGP 8, there was a trend for Ay to increase
with concentration, see Fig. 5. The time for roughening
to occur was directly related to concentration, being
from about one hour to just one minute for higher con-
centration solutions. The surface-roughening produced
diffuse reflection of the light beam, and the specular com-
ponent became too weak to measure. We were thus un-
able to determine whether adsorption was complete be-
fore measurements were forced to cease. The observed
roughness with AFGP 8 did not appear to be the pitting
observed with AFGP 1-5, but rather a whitening of the
surface, perhaps pitting on a smaller scale. It also did not
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FIGURE 5 Basal plane adsorption as a function of AF concentration,
(a) on a logarithmic scale, and (/) a linear scale. In the case of AFGP 8
the adsorption parameter, A, increased with concentration and was
detectable in each case until the basal surface became too rough to
specularly reflect the incident light. The AFGP 1-5 adsorption was
difficult to measure due to the growth of pits in the basal surface, reduc-
ing the specularly reflected light. The adsorption isotherm appears to be
near saturation ~ 1-2 mg/ml.
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FIGURE 6 Using a larger thermal gradient ensured the pits formed
following injection of AF were very shallow, and on one occasion when
the basal plane showed only a low density of pits, the adsorption AFGP
1-5 to saturation was observed.

lead to the pyramidal growth previously reported for
AFGP 7, 8 at the basal plane ( 16). Our high temperature
gradient probably inhibits large scale crystal growth.

There was no detectable time delay between the ad-
sorption signal and the onset of surface roughening.

It was possible with AFPG 1-5 to limit the height of
the surface roughness by increasing the thermal gradient.
On one occasion when the gradient was doubled this
resulted in sufficient specular reflection for the measure-
ment of p to proceed until saturation. The surface had
few hexagonal pits visible, with only four covering
~50% of the light spot area (~25 mm?). The spaces
between pits were flat and smooth; steps were visible on
the inside walls of the pits. As can be seen from the curve
in Fig. 6 adsorption was evident, which saturated at Ay
values similar to those found at the prism planes. Since
only horizontal basal surfaces would reflect light into the
detector at the Brewster angle, the observed signal im-
plies adsorption to the basal plane. The suggestion by
Raymond et al. (16) that the sites for initialization of
pitting are lattice dislocations or defects remains a mat-
ter of conjecture.

7. DISCUSSION

A schematic representation of adsorbed AF is shown in
Fig. 7. Sub-monolayer coverage implies lower packing
density at the ice surface. Any adsorbed layer will have a
dielectric constant approaching, but less than that of
100% AF. The latter value is not known, but we have
attempted to estimate it in the following ways: (a) The
ellipticity of the water-air interface was measured for di-
lute AF solutions. It is very common for organics to form
a monolayer at the water surface, and amphiphilic mole-
cules such as these AF’s are thought to be no exception
(24). When solutions containing AFGP 8 at 0.1 mg/ml
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FIGURE 7 Sub-monolayer coverage is depicted by a larger spacing, d,
between adsorbed molecules since the molecules have a minimum di-
ameter, {.

were examined in this way, p was found to be 0.0033 +
0.0005. This corresponds to a dielectric constant ¢ of
2.3 + 0.1 when a layer thickness of 9 A is used, corre-
sponding to the diameter of the cylindrical AF mole-
cules. When AFGP 1-5 was measured in the same way, p
was measured to be 0.0049, with ¢ ~ 2.5 + 0.1 using the
same 9 A estimate for the layer thickness. A lower pack-
ing density for the longer molecules could explain this
difference in e.

(b) The refractive index » for aqueous AF solutions
of up to 40 mg/ml was measured with an Abbe refrac-
tometer. The following expression was used to estimate
¢ = n? for 100% solution:

3e—1D/(e+2)=(p +Dp) e (4)

Here p, and p, are the polarization per unit volume con-
tributed by AF and water, respectively, which may be
written p, = ¢p’, p, = (1 — ¢)p”, with cand (1 — ¢) the
volume fractions of each component, p’ and p” the polar-
ization density of the two pure components. The proper-
ties of water are known; a density for pure AF is needed
to convert the AF concentration in mg/ml to ¢. Using
densities for AF of 1.3 to 1.5 g/ ml respectively we found
that ¢ ranges between 2.28 and 2.37, these values being

based upon those of proteins of similar size and configu-
ration.

Considering these various estimates and uncertainties,
we have chosen to use ¢ ~ 2.33 in the following calcula-
tions of adsorbed layer thicknesses. The values for Ay
can be related to a layer thickness ¢ by the integral in Eq.
2. For the basal plane we obtain Ay = 0.18 ¢, for the
prism plane An = 0.13 ¢. Using the saturation values for
Ay from Figs. 4 and 5 of 0.25 to 0.35 A, gives saturation
thicknesses t of 1.4 and 2.7 A for the basal and prism
planes respectively, corresponding to saturation cover-
ages of 0.16 to 0.3 of a monolayer.

Some of the uncertainties in the estimate of the satura-
tion coverage can be removed by comparing directly the
water-air ellipticities with the water-ice ellipticities. The
ratio of the saturation coverages of the basal and prism
faces respectively to those at the water-air surface are
0.2 + .05 and 0.44 + .15, the range in these values span-
ning ¢ values between 2 and 2.4.

Chou et al. (25) have proposed that ¢ ~ 2 for polypep-
tides surrounded by polar molecules. This value leads to
saturation thicknesses of 5.5 and 14 A for the basal and
prism faces, respectively, closer to a monolayer at satura-
tion.

Using these experimental fractional monolayer cover-
ages it is possible to estimate the average distance separat-
ing adsorbed molecules if some assumptions are made
regarding the surface area taken up by each adsorbed
molecule.

The molecular dimensions given earlier suggest the
surface area occupied by single AFGP molecules ranges
from 4,400 A2 (AFGP 1) to 350 A? (AFGP 8) if the
molecule is fully extended. Knight et al. (15) suggest that
the heads and tails of the longer glycopeptides may not
adsorb but be suspended in solution. However, we con-
sider these values to be the minimum space taken up by
an adsorbed molecule. Ahmed et al. (26) used quasi-
elastic light scattering to determine the effective hydrody-
namic radius of solutions of AFGP 4 and AFGP 8, re-
porting values of 30 A and 12 A, respectively. Using the
same volumes but flattening the molecules to 9 A corre-
sponds to surface areas of 3,000 A2 and 200 A2 for
AFGPs 4 and 8, similar to the values above.

From these estimates of the covered surface area, we
estimate that the average distance between adsorbed mol-
ecules ranges between 50 A (AFGP 8) and 165 A (AFGP
1) on the basal face and 33 A (AFGP 8) and 120 A
(AFGP 1) on the prism face. If the molecules are aligned
at the ice surface, as suggested by the lattice-match argu-
ment (1, 3, 6) it would be possible to have greater pack-
ing densities than those estimated here.

Knowledge of the distance between adsorbed mole-
cules has implications in the model for ice growth inhibi-
tion by the Kelvin effect. The latest model, proposed by
Knight et al. (6), describes growth of ice between AF
molecules pinned at the ice surface, resulting in convex
distortions of the interface (described as “felting”) (a
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requirement for freezing point depression by the Kelvin
effect). The model requires that the working tempera-
ture is above the ice roughening transition, allowing cur-
vature at the interface as opposed to stepwise growth. In
a recent discussion of this model (13) it was shown that
for particular molecular spacings the height of the inter-
face distortions could be calculated at any value of non-
equilibrium freezing point depression. If the molecular
spacings given above are used in that model we find that
the interface distortions vary in height between 17 A
(AFGP 1) and 1.5 A (AFGP 8), assuming a freezing
point depression of 1°C. It is worth pointing out that for
a given distortion height the maximum spacing between
adsorbed molecules determines the minimum A7 and so
the overall nonequilibrium freezing point. In reference
13, it was argued that the maximum height of ice extend-
ing into solution (growing between adsorbed molecules)
should be comparable to the AF molecular diameter (¢ =
9 A for glycopeptides).

8. SUMMARY

Our results indicate a surface density of AFGP about
one-half that at the air-water interface for the prims face,
which is constant above AF concentrations of about 0.2
mg/ml. The basal face shows a surface density about
one-half that of the prism face. We estimate that for the
basal and prism planes respectively saturation coverages
are 0.16 to 0.3 of a monolayer.

Hew and Yang (12) point out that Raymond and
DeVries (5) failed to consider the concentration depen-
dence of the distribution coefficient of AF on the ice
surface. Our constant adsorption above 0.2 mg/ml sug-
gests that this is not an important consideration.

The observed saturation coverages are reasonably
consistent with those predicted by the freezing point de-
pression caused by the Kelvin surface curvature effect.

This work was supported in part by NSF DPP 87-16296 to A. L.
Devries.
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