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SCIENTIFIC REPLIRTS

Oscillations and accelerations
of ice crystal growth rates in
“microgravity in presence of
e antifreeze glycoprotein impurity in
e sypercooled water

Yoshinori Furukawa?, Ken Nagashima?, Shun-ichi Nakatsubo?, IzumiYoshizaki?,
Haruka Tamaru?, Taro Shimaoka3, Takehiko Sone*, Etsuro Yokoyama®, Salvador Zepeda® ",
Takanori Terasawa?, Harutoshi Asakawa®**, Ken-ichiro Murata® & Gen Sazaki®

The free growth of ice crystals in supercooled bulk water containing an impurity of glycoprotein,

a bio-macromolecule that functions as ‘antifreeze’ in living organisms in a subzero environment,

was observed under microgravity conditions on the International Space Station. We observed the
acceleration and oscillation of the normal growth rates as a result of the interfacial adsorption of these
protein molecules, which is a newly discovered impurity effect for crystal growth. As the convection
caused by gravity may mitigate or modify this effect, secure observations of this effect were first made
possible by continuous measurements of normal growth rates under long-term microgravity condition
realized only in the spacecraft. Our findings will lead to a better understanding of a novel kinetic process
for growth oscillation in relation to growth promotion due to the adsorption of protein molecules and
will shed light on the role that crystal growth kinetics has in the onset of the mysterious antifreeze
effect in living organisms, namely, how this protein may prevent fish freezing.

The impurity effect for crystal growth in a bulk solution or melt is an important issue for understanding the
crystal morphology and growth mechanism and a key technology for industrial crystallization. Most commonly,
impurity molecules adsorbed on the growing interface work as pinning points of the growth steps, and the nor-
mal growth rates of the interfaces are strongly depressed. Generally, the growth rate of a crystal face should be
constant with time when the driving force (such as supercooling or supersaturation) for growth is also constant.
However, the possibility of periodic fluctuations in growth rates has long been discussed. Moreover, periodic
fluctuations in growth rates are an intrinsic characteristic of an impurity effect and are associated with the peri-
odic stripe patterns often observed in the cut sections of naturally or artificially grown crystals'-*. Although the
mechanism of this oscillation depends on the adsorption-desorption kinetics of the impurity molecules, it has
not been directly proven that oscillation in the normal growth rate occurs for any crystal. Because crystal growth
experiments are typically performed on the ground, it is very difficult to escape from the unforeseen fluctuation
of the growth rates generated by the natural convective flow around the growing crystal induced by gravity.
Consequently, we were strongly motivated to measure the normal growth rates of crystal faces with a high degree
of accuracy under microgravity conditions in which convective flow does not occur.

To accomplish this purpose, we studied ice crystal growth in supercooled water containing an antifreeze glyco-
protein (AFGP) as an impurity (we call it an AFGP solution hereafter). Ice crystals grown from pure water at low
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supercooling conditions are disk shaped, with slowly grown basal faces and other rapidly grown faces*®. However,
ice crystals grown from a supercooled AFGP solution have a completely different morphology and growth kinet-
ics”12. We observed the free growth of ice crystals in supercooled AFGP solution under almost zero gravity
(microgravity) conditions on the International Space Station (ISS), where convection is absent. There are several
reasons why we used this system. First, it is well known that AFGP molecules, which are bio-macromolecules
that function to prevent the freezing®!1>-1° of living organisms in a subzero environment, adsorb on the grow-
ing interface of an ice crystal and strongly modify the growth morphology and kinetics. Consequently, AFGP
molecules are the most effective impurities for ice crystal growth in supercooled water. Second, we had already
successfully performed ice crystal growth experiments on the ISS in 2008-2009. Circular disk and dendrite mor-
phologies with great hexagonal symmetries were obtained, and the pattern formation mechanisms of ice crystals
were defined on the basis of a precise analysis of videos that were recorded on the ISS and downlinked to us!®-'8,
Third, the system of ice crystal growth controlled by an AFGP can be regarded as a typical model for crystal
growth controlled by bio-macromolecules, which is well known as biocrystallization!*2.

Results

Observation of ice crystal growth under microgravity. Microgravity experiments on the free growth
of H,O ice crystals in supercooled water including an AFGP as an impurity were carried out using a newly
developed space apparatus (Ice Crystal Cell 2) in the Japanese Experiment Module “KIBO” of the ISS during the
period from November 2013 to June 2014. The AFGP concentration in water used for these experiments was fixed
at 0.07 mg/mL, and the bulk supercooling (AT,) of the water at the beginning of the crystal growth was varied
over the range between 0.1 and 0.5 K. The experiments were repeated 124 times for various supercoolings, and
the growth of a polyhedral ice crystal surrounded by flat interfaces was always observed at the tip of a glass cap-
illary inserted into the center of a growth cell filled with supercooled AFGP solution. The ice crystal growth was
stably maintained in space over a period of 30 minutes (more than one hour in some cases) and observed using a
Michelson interference microscope combined with a phase contrast microscope. However, an accident occurred
in an operational system (Solution Crystallization Observation Facility) of ISS-KIBO shortly after the beginning
of the experiments, and the function of the phase contrast microscope was completely lost. Coming out of this
crisis, only the videos of the interference fringe images were acquired.

Measurements of normal growth rates. Interference images were obtained for 24 of the experiments
and were analyzed to measure the growth rate as a function of the growth time. The typical procedure for the
analysis of the interference fringe images is shown in Fig. 1. Figure 1(a) presents a snapshot taken from a video
obtained in these experiments (Supplementary Video 1); it shows the movements of the interference fringes on
the flat ice face at AT, of 0.3 K. We found that the straight fringes were arranged at regular intervals and laterally
migrated with time but that their movement velocity periodically fluctuated. The directions of the interference
fringes observed were constantly maintained over the lateral migration. Although we cannot provide any images
to show the ice crystal geometry due to the accidental failure of the experimental apparatus, as described in the
previous section, it is still possible to detect the geometry of the growing ice crystal from the images of the inter-
ference fringes. Figure 1(b) shows the three-dimensional geometry of the ice crystal shown in Fig. 1(a). Its geom-
etry consists of two flat interfaces perpendicular to the optical axis and three trapezoidal flat interfaces connecting
those flat interfaces. From the geometric arrangement of the glass capillary and growing ice crystal, we conclude
that the flat interfaces with interference fringes should be the basal faces (namely, the top and bottom basal faces
in Fig. 1(b)) and the faces connecting the basal faces should be one prism face and two pyramidal faces.

As the lateral movement of the fringes corresponds to the normal movement of the observed interface, the
growth rates of the basal faces were obtained by analyzing a spatiotemporal image of a video. For example, to
analyze the video shown in SI, we take the line I (S to S’) as shown in Fig. 1(a), which is referred to as the “space
line”. Intensity profiles along this line are obtained for each frame of the video and plotted as a function of time.
Then, a time-space image, as shown in Fig. 1(c), is finally obtained. The line images in this figure indicate the lat-
eral movement of the interference fringes, and the gradients of these lines correspond to the normal growth rate
of the top basal face (V,°P), as shown by the dotted lines in the figure. V,° at the center position of the space line [
versus the growth time plotted in Fig. 1(d) shows the periodic oscillation. The minimum and maximum values of
the growth rates varied by a factor of more than five (0.13 to 0.73 um/s in this case), and the oscillation period,
which was approximately 11s in this case, gradually become shorter with the increase in AT, The patterns of
variation in V;°" in the cycles were similar; that is, the growth rate gradually increased and then rapidly decreased
immediately after it reached a maximum value. The amount of growth per cycle was approximately 6.33 pm in this
case, and the average growth rate estimated by dividing the amount of growth by the cycle time was 0.58 pum/s.

A change in the period of the brightness was also observed in the central area of the top basal face. As the dark
or bright images occur depending on the phase differences between the light beams reflected from both the top
and bottom basal faces, the change in the period of the brightness is proportional to the rate of increase of the
crystal thickness (namely, the distance between the top and bottom basal faces). Consequently, the growth rate of
the bottom basal face (V™) can be independently determined by combining the measurements of V,°? and the
brightness change period. A detailed explanation and confirmation of the determination of V°"°™ are given in
Supplementary Figure 1.

Oscillatory growth observed on the basal faces.  Periodic oscillations in the growth rate were clearly
detected for all of the basal faces when interference fringes appeared, regardless of AT.. Figure 2 shows the
AT, dependence for the maximum and minimum values of the growth rate during the periodic oscillations
(red circles and blue squares, respectively, with the corresponding points for each experiment connected by solid
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Figure 1. Interference fringes observed on the basal faces of ice that indicate the periodic fluctuation of the
growth rate. (a) Snapshot of an ice crystal growing at the end of a capillary in the AFGP solution for

AT, ,=0.3K. The corresponding video is provided as Supplementary Video 1. The region where the interference
fringes appear corresponds to the basal face. The fringes observed clearly on the top basal face come from the
interference between the reflection from that face and a reference mirror. The light region in Fig. 1(a), in which
the images from the top and bottom basal faces overlap, is caused by the interference of the images from these
two faces; in the video, that region actually oscillates in intensity. As the oscillation period depends on the
increase in the crystal thickness during growth, we can separately determine the growth rates of the basal faces.
(b) Mlustration of the three-dimensional geometry for the ice crystal shown in (a). As the phase contrast images
were accidentally lost, this illustration was determined from the arrangement of flat interfaces surrounding

the external crystal shape based on the interference fringe images, in which only the top and bottom basal

faces that orthogonally crossed the optical axis are visible. Numbers 1 to 4 indicate the corners of the crystal,
and the places corresponding to the corners appear in the image in (a). (c) Time-space image analyzed for the
space line S to §” indicated by a red line in (a). The normal growth rate, V, of this face is given by V.= 3\/26n,.
Here, 3 is the migration velocity of the fringes that is given by the gradient (=0l/6t) of the line image of the
time-space plot, § the interval distance of the fringes, A the wave length of the laser in air (670 nm) and n,, the
refractive index of water (1.3328). (d) Growth rates at the center of the space line as a function of growth time.
The maximum and minimum values of the growth rate for an oscillation period (B’ and A respectively) were
determined from this analysis. Points A; D’ and B’ correspond to the turning points for the kinetic process
AD’BA, as indicated in Fig. 3.

lines). The average growth rates were also plotted using black solid circles. The difference between the maximum
and minimum values, namely, the amplitude of the growth rate oscillation, became larger with increasing AT,.

The minimum values of the growth rates obtained in space were always smaller than those obtained for pure
water (blue solid line). This trend is related to the generally known effect of convection on crystal growth, namely,
the growth rate will decrease under microgravity conditions due to the primary extensity of a diffusion field
around the growing crystal. By contrast, the maximum values of the growth rates obtained in space were larger
than those obtained for a 0.07 mg/mL AFGP solution (red broken line). This trend is also related to the effect of
the AFGP concentration increasing at the vicinity of the growing interface due to the rejection of AFGP mole-
cules. It should be noted that the average values of growth rates during a cycle correspond to the growth rates
along the c-axis at an AFGP concentration of 0.07 mg/mL that were obtained in ground experiments.

We should emphasize that growth oscillation was clearly observed only after we measured the growth rate
under long-term microgravity conditions. Indeed, in experiments of the free growth of an ice crystal in an AFGP
solution carried out on the ground, the periodic fluctuation of the growth rates was not observed for the basal
faces or other crystalline faces. Some experiments on ice crystal growth using Ice Crystal Cell 2 were also carried
out on the ground during the last minute of the launch. Although the irregular fluctuation of the interference
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Figure 2. Growth rates obtained under microgravity conditions on the ISS as a function of the AT

of the AFGP solution. Red solid circles and blue solid squares indicate the maximum and minimum values

of the growth rates during the periodic fluctuations of growth, respectively, and the solid lines connect the
corresponding data points. Ellipsoidal points indicate the growth rates averaged for a long stretch of time (more
than 10 minutes). As a reference, the dotted lines indicate the growth rates along the c-axes of ice crystals for
various AFGP concentrations, based on results of ground experiments (see Supplementary Figure 2). Data
obtained at AT,,=0.3K and 0.4 K are plotted with slight shifts to prevent overlap. At AT, ,=0.1K, no ice crystal
was obtained because the growth rate was too small, and at a supercooling of 0.5 K or more, interference fringes
could not be obtained because the growth was too fast. The maximum values of the growth rates increased

with the increasing AT, , whereas the minimum values of the growth rates showed the opposite trend. The
illustration inside the figure shows the anisotropic adsorption states of the AFGP molecules between the basal
and other (prismatic and pyramidal) faces. The AFGP molecules are preferentially adsorbed on the prismatic
and pyramidal faces of the ice crystals and prevent the growth of these faces due to the pinning effect. By
contrast, if the AFGP molecules are preferentially adsorbed on the prismatic planes that construct the step edges
on the basal faces, they can work as new sources of growth steps and are involved in the growth promotion of
the basal faces. Consequently, the preferential adsorption of AFGP molecules on the prismatic and pyramidal
faces might produce the opposite effects of the inhibition and promotion of growth.

fringe migration was observed, no periodicity was detected. We should emphasize that a unique observation
of the periodic growth of an ice crystal was reported, in which one-directional growth of the prism faces of ice
crystals was observed®!. However, as the ice crystal growth in this growth system was carried out in a thin rectan-
gular growth cell of 50-pum thickness maintained in a horizontal position, the convection flow effect in front of
the growing interface might have been suppressed?>*. Consequently, the periodicity of the growth rate variation
is an innate characteristic of the ice crystal growth affected by an AFGP and is suppressed by the convective flow
caused by the gravity effect.

Growth promotion of the basal faces of ice in AFGP solution. The straight lines in Fig. 2 show the
average growth rates along the c-axis obtained in pure water (blue solid line) and in solutions with various AFGP
concentrations (black broken lines), which were measured in separate experiments carried out under the effect of
convection flow on the ground. The AT, dependence of the growth rate at the AFGP concentration of 0.07 mg/mL,
which was presumed from the concentration dependence of the growth rate, is indicated by a red broken line in
this figure (see Supplementary Figure 1 for details). It should be noted that as these growth rates were obtained
from the time variations of the growth morphologies, they were regarded as average growth rates, and oscillatory
variations of the growth rates were never seen. These results indicate an important feature of AFGP molecules, in
that they greatly increase the growth rate of the basal faces of ice crystals. As the growth promotion of the basal
faces was observed regardless of the gravity levels, we emphasize that the origin of growth promotion is not due
to the effect of microgravity.

A comparison of the experimental results obtained on the ground and in space suggests that the AFGP mol-
ecules adsorbed on the basal faces may work as sources of growth promotion (namely, adsorption-promotion
effect) and not as sources of growth inhibition (namely, adsorption-inhibition effect), which is completely oppo-
site to the previously believed effect of adsorbed impurity molecules on the growing interface. That is, growth
depression due to the poisoning of kink sites or the pinning of step advancement at the points of adsorption on
the crystal interface?.
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Figure 3. Schematic illustration of growth kinetic processes to explain the origin of the growth oscillation.
The solid blue line indicates the interfacial supercooling dependence of the growth rate for the face without any
impurity molecules, and the black and red broken lines indicate the same for the faces with adsorbed impurity
(AFGP) molecules. A previously known kinetic process (ABCDA) for growth oscillation based on the effect

of AFGP molecules, as the growth rate decreases due to step pinning at the adsorption sites, is shown by the
continuous process formed by black solid arrows. Meanwhile, a new kinetic process (AD’BA) for growth
oscillation based on the adsorption-promotion effect of impurity molecules, as the growth rate increases due

to the enhancement of the nucleation ability of the growth steps on the basal face, is shown by the continuous
process formed by red solid arrows.

Discussion

Mechanism of growth promotion of the basal faces of ice by adsorbed AFGP.  We here attempt
to present a schematic explanation of the new findings. An ice crystal growing in pure water takes on a circular
disk shape surrounded by two flat basal faces and one rounded edge face*®*42°. This observation indicates that
the basal faces grow by a layer-by-layer mechanism but that the growth of the edge face is controlled at a rate at
which the latent heat released at the edge is removed by diffusion?*?*. By contrast, the ice morphology in an AFGP
solution changes to a polyhedral shape surrounded by two parallel hexagonal faces (basal faces), six prismatic
faces and trapezoidal pyramidal faces connecting the basal and prismatic faces'>?%?’ (see the illustration in Fig. 2).

Previously, AFGP molecules were thought to be adsorbed on the prismatic or pyramidal faces but not on the
basal faces and to have the ability to smooth the rough interfaces'>*’-*, which is recognized as a “smoothing tran-
sition’, in contrast to the well-known effect of the roughening transition by an impurity*>*!. Moreover, in previous
experiments?” and simulations?®, no adsorbed AFGP molecules were seen on the basal faces. However, we found
that the growth of the basal faces was strongly accelerated by the presence of the AFGP molecules. What causes
this drastic change?

It is well known that the basal faces of ice crystals grow by a layer-by-layer mechanism even in pure water.
This fact prompted us to speculate that the AFGP molecules are adsorbed on the edges of the growth steps on the
basal face because those should be constituted by faces that include the prismatic or pyramidal faces, as shown by
the illustration in Fig. 2. As the average size of the AFGP molecules (approximately 3 nm in diameter®?) is much
larger than the height of the elementary step (0.37 nm) on the basal face®, the adsorbed molecules would pro-
trude from the growth steps and may work as sources of growth steps for the basal face. This process may cause
the adsorption-promotion effect of the impurity molecules for crystal growth.

Processes triggering growth oscillation. Now let us consider the origin of the periodic oscillation of
growth rates induced by the adsorption effect of the impurity molecules. Figure 3 schematically illustrates the
growth rate (V) changes based on the kinetic processes that are expected to occur on growing interfaces under
the effect of impurity molecules. The kinetic processes originate from the interactive variation between inter-
facial supercooling (A T;,) and the concentration of adsorbed impurity molecules at the interface (Cy,). First,
we consider previously discussed models for growth oscillations** -, according to which there is strong growth
depression due to the adsorption of impurity molecules at the interface. That is, growth is stopped when Ci,
becomes greater than a critical value, as shown by a black dotted line in Fig. 3. Assuming that the growth rate
at C;, =0 is proportional to AT;,, (blue solid line), growth oscillation is expected to occur due to the sequential
kinetic process, shown as the loop (ABCDA) indicated by black arrows in Fig. 3. That is, (1) A to B: Vis depressed
due to an increase in C,,; (2) B to C: V=0, but C,,, decreases due to the desorption of impurity molecules and
AT, increases at the same instance because of a decrease in the latent heat released at the interface; (3) C to D:
V is accelerated when C;, reaches a critical value; and then (4) D to A: V gradually decreases with the increase
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Figure 4. Schematic illustration to explain the establishment of freezing inhibition by AFGP molecules
in relation to the growth promotion of the basal face. The blue and red solid lines in the left illustration
indicate the cooling and heating processes of the AFGP solution, respectively. An AFGP solution never
freezes in the temperature range between the equilibrium melting point, T,, and the freezing temperature,

Ty This temperature range is defined as the thermal hysteresis. In this temperature region, many ice particles
with a dodecahedral shape, as shown at the center of this figure, are actually observed in the blood of living
organisms. When the blood temperature reaches the freezing temperature, the blood suddenly starts to freeze.
It is important to note that the dodecahedral shapes are formed on the basis of the well-known principle of the
growth of a polyhedral crystal.

in G, due to the expulsion of impurity molecules at the growing face, known as “impurity rejection”, and AT,
decreases again with the increasing latent heat release. This scenario has been universally recognized as a model
for growth oscillation induced by an impurity.

However, this model is not applicable to the growth oscillation observed on the basal faces in our experiment,
because the model is related to the adsorption-inhibition effect of impurity molecules. The red dotted line in
Fig. 3 indicates that the gradient of V versus AT;, becomes steeper with the increasing C;,, compared to the
AT, dependence of V at C;, =0, as shown by the straight blue line. Based on this adsorption-promotion effect,
we propose a completely new process (AD'B’A) as the origin of the growth oscillation, which is shown by red
arrows in Fig. 3. That is, (1) B’ to A: V is abruptly depressed by the disappearance of adsorbed molecules due to
an as yet unknown reason; (2) A’ to D”: V gradually increases because AT, increases with the reduction of the
latent heat release at C;,; =0, and then C,, is simultaneously increased by the rejection of AFGP molecules at the
growing interface; and (3) finally, D’ to B’: V increases further with the increasing C,,, but AT, starts to decrease
with the further increase in the latent heat release at the same time. Although we have not yet provided any direct
experimental evidence or mathematical model, it is important to note the possibility of a new impurity effect for
crystal growth because nobody expected the occurrence of this oscillatory phenomenon in crystal growth before
our findings in space.

Finally, we consider how this new scenario corresponds to the actual variations in the growth rates observed
on the basal faces of ice. The points that appeared in the new kinetic process shown in Fig. 3 are indicated as the
corresponding points of B, A, and D’ in Fig. 1(d). The most important process that drives this oscillatory growth
is the sudden depression of the growth rate labeled by B’ to A, which corresponds to the abrupt drop-off in Cy,.
Let us return to Supplementary Video 1. We observe that a sudden termination of the lateral movement of the
interference fringes occurs with the propagation of the sinuate variation observed on the fringes, which may
occur by a macro step. The conventional model for the impurity effect of crystal growth assumes that the impurity
molecules adsorbed on the growing faces can be covered by the macrosteps. The same process may occur even for
the crystal growth of the basal face adsorbed by AFGP molecules, but the difference between them is that growth
is promoted at the former but reduced at the latter.

Freezing inhibition of living organisms by AFGP.  Finally, it should be noted that the growth promo-
tion of the basal face is essential to fulfilling the freezing inhibition function for living organisms under subzero
conditions. Figure 4 presents a schematic explanation of freezing inhibition. When water containing an AFGP
is gradually cooled down, it never freezes at the equilibrium melting point of ice (T,) but rather at a critical tem-
perature (7)), as shown by the blue line in Fig. 4. The melting of ice crystals during the heating process (the red
line in Fig. 4), however, can occur at the bulk melting point (T,). The difference between T, and Tyis defined as a
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thermal hysteresis and is dependent on the AFGP concentration!!. Many tiny ice particles with a dodecahedral
shape (several tens of micrometers in size) surrounded by only pyramidal faces (as shown at the center in Fig. 4)
are observed in the blood of living fishes in this thermal hysteresis region®**. These ice particles do not continue
to grow in this region but start to grow exponentially at the instant when the serum temperature drops below
T;*'. The reason why the dodecahedral ice particles can stably exist in serum is explained by a key principle for
the growth of polyhedral crystals, namely, “the flat faces with faster growth rates are truncated by the faces with
slower growth rates and finally the polyhedral crystal is surrounded by only flat faces with the lowest growth
rate”. Consequently, the formation of dodecahedral ice particles suggests that the growth rates of the individual
faces must maintain the relationship of V;,>V,;>V,,,, where V;, V,;, and V,,, are the growth rates for the basal,
prismatic and pyramidal faces, respectively (illustration on the right in Fig. 4). When all of the basal and prismatic
faces on an ice crystal disappear, the ice crystals should be surrounded by only pyramidal faces, which have the
slowest growth rate, and finally the formation of a dodecahedral ice particle is complete. This external form of an
ice crystal prevents its further growth, and the water is thus kept in a supercooled state. In conclusion, the preven-
tion of freezing in living organisms cannot be solely explained by the growth depression effect of AFGP molecules
on ice crystals. In other words, the anisotropic functions of AFGP molecules for ice crystal growth are essential
for the prevention of freezing of living organisms.

Our findings in space indicate not only an important concept for understanding the mechanism of the anti-
freeze function of an AFGP but also a possible mechanism for the formation of the striped pattern generally
observed inside mineral crystals. The ice crystal growth process in an AFGP solution is the same as that for inor-
ganic crystal growth controlled by biological macromolecules, namely, a biocrystallization process. An under-
standing of the mechanism of this oscillatory growth may provide new insight into exploring crystalline material
formation within an organism, and it will also provide a new target for the mathematical analysis of general
oscillatory phenomena.

Methods

Ice crystal growth and imaging. The experimental apparatus used on the ISS was designed for obser-
vations of ice crystal growth in water including an AFGP, and it was named Ice Crystal Cell 2 (ICC2), as it was
developed for the second project of ice growth experiments on the ISS following the first project'®-'® carried out
in 2008-2009. ICC2 was composed of two parts: an ice growth apparatus and an optical system. The main parts of
the ice growth apparatus were a spherical growth cell (SGC) with an inside diameter of 40 mm equipped with two
opposed observation windows (the inside volume of the SGC was approximately 30 mL) and an ice nucleation
unit (INU) that incorporated a thin glass capillary (0.6 mm in outer diameter and 60 mm in length) to enhance
the formation of a seed crystal of ice by rapid cooling. The outer end of the capillary was inserted into the center
of the SGC to initiate the free growth of a single ice crystal in the SGC. The INU was also retrofitted to rotate the
capillary around its central axis within an angular range of £45°, a critical improvement to adjust the inclination
of the ice/water interface in a direction perpendicular to the optical axis. The AFGP solution in the SGC was
cooled down by Peltier cooling elements on the outside wall surface, and the solution temperature was controlled
within an accuracy of £0.05K using a PID controller. The capillary end inside the INU was able to be rapidly
cooled down to nucleate ice crystals using small Peltier elements.

An ice crystal growing in the SGC was imaged in situ using the optical system installed in ICC2, which was a
Michelson-type interference microscope combined with a phase contrast microscope. As the reflection coeflicient
of light at the ice/water interface is extremely low (approximately 0.00014, one five-hundredth of that of a glass
surface), nobody has succeeded in obtaining the interference fringes with visible contrast until now. However, by
adjusting the intensity of both the reflected light beams from the ice/water interface and those from a reference
mirror using a specially designed optical system, and then taking advantage of the polarization of the light beams,
we were able to obtain interference fringes with adequate contrast, which appear as shown in Fig. 1(a). The rota-
tion of the glass capillary around its central axis helped to adjust the direction of the basal face to the optical axis
of the interference microscope. A phase contrast microscope was included in this optical system to obtain clear
images of the growth steps migrating on the ice/water interface.

Materials. Antifreeze proteins (AFPs) and antifreeze glycoproteins (AFGPs) are well-known functional
bio-macromolecules that help fish!!, insects*>*, plants*, and bacteria®® to survive when exposed to subzero envi-
ronments. These proteins drastically modify the growth morphologies”'* and inhibit the recrystallization'? and
growth!® of ice crystals. These molecules have drawn considerable interest due to their applicability in the frozen
food industry*® and in medical treatments**” (for example, as a cryosurgery adjuvant, in blood preservation, and
even the possibility of human organ preservation). In our space experiments, we used an AFGP collected from
Gadus ogac plasma to make a sample solution. The AFGP was supplied by A/F Protein Inc., Waltham, MA, USA.
The peptide backbone of each AFGP molecule consists of repeating alanine-alanine-threonine (Ala-Ala-Thr)
tripeptide units®. The Thr peptide has a disaccharide residue (3-O-(3-p-galactosyl)-,-N-acetylgalactosamine),
where the two sugar groups are linked as a glycoside to the hydroxyl oxygen of the threonine residue. Eight dis-
tinct fractions of AFGPs can be isolated, with most of the differences being in the number of tripeptide repeats,
which range from 50 to 4 for bands 1-8. The molecular weights range from 32 to 2.7 kDa. The AFGP7-8 used
in the present experiments is a mix of naturally occurring smaller glycopeptides (molecular mass < 4kDa). The
AFGP was dissolved in degassed pure water, and the AFGP concentration of the solution used in space was
adjusted to 0.07 mg/mL based on a colorimetric analysis of the solution.

The secondary structure of an AFGP molecule has been shown by precise analysis using various methods to be
a highly flexible extended helix*®. By contrast, Uda et al.* showed using ATR-FTIR spectroscopy that the AFGP
molecules adsorbed on the ice-water interface undergo a conformational change from a flexible extended helix
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to an a-helix. Molecular dynamics simulation?® also indicated that molecules with an a-helix conformation can
be absorbed selectively on the prismatic or pyramidal faces of ice crystals.

Procedures for space experiments on ISS-KIBO. Before launching, the interior portions of the SGC
and INU were filled as much as possible with the AFGP solution, taking care not to create any solution-vapor sur-
face. It was very important to prevent Marangoni convection, which might be the preferred source of liquid flow
in microgravity. Then, ICC2 was loaded in the Japanese unmanned cargo transporter, the H-II Transfer Vehicle
“KOUNOTORI 4 (HTV4)” and launched toward the ISS in August 2013 from the Tanegashima Space Center
of JAXA. After arriving at ISS-KIBO, ICC2 was placed on the stage of the Solution Crystallization Observation
Facility (SCOF), which had been originally installed as a common facility in KIBO, and the experiments were
carried out in the period from December 2013 to June 2014. An experiment proceeded simply by separately
changing the preset temperatures of the SGC and INU by remote-controlled commands sent from the ground.
The procedure of an experiment started by creating a supercooled solution of uniform temperature in the SGC,
and then the outer end of a glass capillary end inside the INU was rapidly cooled to initiate ice nucleation. The
nucleated ice particles continued to grow inside the capillary, and only one ice particle ultimately survived the
competitive growth of adjacent ice particles when the freezing front in the capillary reached the inner end. As an
ice crystal with its c-axis perpendicular to the capillary axis could definitely survive®, an ice crystal that started
to grow at the end of the capillary will grow with its c-axis always perpendicular to the central axis of the capil-
lary. After the free growth of an ice crystal started, its c-axis direction was adjusted to the optical axis by rotating
the glass capillary. When the reflected light beam from the ice basal face became exactly parallel to the optical
axis, interference fringes suddenly appeared on the basal face. The oscillatory growth continued for more than
30min (with smaller AT, , more than 60 min) after the appearance of interference fringes. Both video images and
temperature data were downlinked from the ISS to the ground with a time lag of only a few seconds and were
recorded as experimental data. Growth was terminated at an appropriate time by a shutdown of the electric power
supply to prevent an excessive increase in the internal pressure of the SGC. After melting the whole crystals in
the SGC and INU, the growth apparatus was returned to its initial state. In total, 124 experiments were carried
out under various AT, conditions. Although ice crystal growth was successfully observed without any excep-
tions above AT, =0.2K, interference fringes were observed on the basal faces in only 24 experiments. However,
considering the difficulty in the distance control of space-borne experiments, this success probability (20%) is
sufficiently high.

We experienced an accident in a power supply unit in the operational system (SCOF) of ISS-KIBO shortly
after beginning the experiments. Unfortunately, the impact of this failure spread to the optical system of the phase
contrast microscope in ICC2 in the process of mending this failure, and the function of the phase contrast micro-
scope was lost. It was impossible to repair the failure that occurred in ICC2. As a result, the phase contrast images
for ice crystal growth were completely lost in the actual space experiments, and we had to analyze the experimen-
tal data using only the interference fringe images of ice crystal growth. This accident caused some problems in the
analysis of the experimental data, namely, on the external forms of the growing ice crystals and the images of the
growth steps on the interfaces.

References
1. Chernov, A. Crystal Growth and Crystallography. Acta Crystallographica Section A 54, 859-872, doi: 10.1107/50108767398008587 (1998).
2. Miiller, G. In Crystal Growth from the Melt Vol. 12 Crystals Ch. 1, 1-136 (Springer Berlin Heidelberg, 1988).
3. Sangwal, K. & Benz, K. W. Impurity striations in crystals. Prog. Cryst. Growth Charact. Mater. 32, 135-169, doi: http://dx.doi.
0rg/10.1016/0960-8974(96)00010-1 (1996).
4. Fujioka, T. & Sekerka, R. F. Morphological stability of disc crystals. J. Cryst. Growth 24-25, 84-93, doi: http://dx.doi.
0rg/10.1016/0022-0248(74)90284-X (1974).
5. Furukawa, Y. & Shimada, W. Three-dimensional pattern formation during growth of ice dendrites — its relation to universal law of
dendritic growth. J. Cryst. Growth 128, 234-239, doi: http://dx.doi.org/10.1016/0022-0248(93)90325-Q (1993).
6. Langer, J. S., Sekerka, R. F. & Fujioka, T. Evidence for a universal law of dendritic growth rates. J. Cryst. Growth 44, 414-418, doi:
http://dx.doi.org/10.1016/0022-0248(78)90007-6 (1978).
7. Maruyama, M. Roughening transition of prism faces of ice crystals grown from melt under pressure. J. Cryst. Growth 275, 598-605,
doi: http://dx.doi.org/10.1016/j.jcrysgro.2004.11.432 (2005).
8. Shimada, W. & Furukawa, Y. Pattern Formation of Ice Crystals during Free Growth in Supercooled Water. J. Phys. Chem. B 101,
6171-6173, doi: 10.1021/jp963171s (1997).
9. Harrison, K. et al. Ice growth in supercooled solutions of antifreeze glycoprotein. Nature 328, 241-243, doi: 10.1038/328241a0 (1987).
10. Knight, C. A. Structural biology: Adding to the antifreeze agenda. Nature 406, 249-251 (2000).
11. Yeh, Y. & Feeney, R. E. Antifreeze Proteins: Structures and Mechanisms of Function. Chem. Rev. 96, 601-618 (1996).
12. Yeh, Y., Feeney, R. E., McKown, R. L. & Warren, C. J. Measurement of grain growth in the recrystallization of rapidly frozen solutions
of antifreeze glycoproteins. Biopolymers 34, 1495-1504, doi: 10.1002/bip.360341107 (1994).
13. Knight, C. & DeVries, A. Melting inhibition and superheating of ice by an antifreeze glycopeptide. Science 245, 505-507 (1989).
14. Knight, C. A. & DeVries, A. L. Ice growth in supercooled solutions of a biological “antifreeze”, AFGP 1-5: an explanation in terms of
adsorption rate for the concentration dependence of the freezing point. PCCP 11, 5749-5761, doi: 10.1039/B821256B (2009).
15. Zepeda, S., Yokoyama, E., Uda, Y., Katagiri, C. & Furukawa, Y. In Situ Observation of Antifreeze Glycoprotein Kinetics at the Ice
Interface Reveals a Two-Step Reversible Adsorption Mechanism. Cryst. Growth Des. 8, 3666-3672, doi: 10.1021/cg800269w (2008).
16. Adachi, S. et al. Stable growth mechanisms of ice disk crystals in heavy water. Phys. Rev. E 84, 051605 (2011).
17. Yokoyama, E. et al. Measurements of growth rates of an ice crystal from supercooled heavy water under microgravity conditions:
basal face growth rate and tip velocity of a dendrite. J. Phys. Chem. B 115, 8739-8745, doi: 10.1021/jp110634t (2011).
18. Yoshizaki, L., Ishikawa, T., Adachi, S., Yokoyama, E. & Furukawa, Y. Precise Measurements of Dendrite Growth of Ice Crystals in
Microgravity. Microgravity Sci. Technol. 24, 245-253, doi: 10.1007/s12217-012-9306-9 (2012).
19. Farmanesh, S. ef al. High-throughput platform for design and screening of peptides as inhibitors of calcium oxalate monohydrate
crystallization. J. Cryst. Growth 373, 13-19, doi: http://dx.doi.org/10.1016/j.jcrysgro.2012.09.018 (2013).
20. Olijve, L. L. C. et al. Blocking rapid ice crystal growth through nonbasal plane adsorption of antifreeze proteins. Proceedings of the
National Academy of Sciences 113, 3740-3745, doi: 10.1073/pnas.1524109113 (2016).

SCIENTIFICREPORTS | 7:43157 | DOI: 10.1038/srep43157 8


http://dx.doi.org/10.1016/0960-8974(96)00010-1
http://dx.doi.org/10.1016/0960-8974(96)00010-1
http://dx.doi.org/10.1016/0022-0248(74)90284-X
http://dx.doi.org/10.1016/0022-0248(74)90284-X
http://dx.doi.org/10.1016/0022-0248(93)90325-Q
http://dx.doi.org/10.1016/0022-0248(78)90007-6
http://dx.doi.org/10.1016/j.jcrysgro.2004.11.432
http://dx.doi.org/10.1016/j.jcrysgro.2012.09.018

www.nature.com/scientificreports/

21. Furukawa, Y., Inohara, N. & Yokoyama, E. Growth patterns and interfacial Kinetic supercooling at ice/water interfaces at which anti-
freeze glycoprotein molecules are adsorbed. J. Cryst. Growth 275, 167-174, doi: http://dx.doi.org/10.1016/j.jcrysgro.2004.10.085 (2005).

22. Nagashima, K. & Furukawa, Y. Interferometric observation of the effects of gravity on the horizontal growth of ice crystals in a thin
growth cell. Physica D: Nonlinear Phenomena 147, 177-186, doi: http://dx.doi.org/10.1016/50167-2789(00)00148-2 (2000).

23. Zepeda, S., Nakaya, H., Uda, Y., Yokoyama, E. & Furukawa, Y. In Physics and Chemistry of Ice, (ed W.F. Kuhs) 669-676 (RSC
Publishing, 2007).

24. Yokoyama, E., Sekerka, R. F. & Furukawa, Y. Growth Trajectories of Disk Crystals of Ice Growing from Supercooled Water. J. Phys.
Chem. B 104, 65-67, doi: 10.1021/jp991280b (1999).

25. Yokoyama, E., Sekerka, R. F. & Furukawa, Y. Growth of an ice disk: dependence of critical thickness for disk instability on
supercooling of water. J. Phys. Chem. B 113, 4733-4738, doi: 10.1021/jp809808r (2009).

26. Brown, R. A,, Yeh, Y., Burcham, T. S. & Feeney, R. E. Direct evidence for antifreeze glycoprotein adsorption onto an ice surface.
Biopolymers 24, 1265-1270, doi: 10.1002/bip.360240713 (1985).

27. Knight, C. A., Driggers, E. & DeVries, A. L. Adsorption to ice of fish antifreeze glycopeptides 7 and 8. Biophys. J. 64, 252-259 (1993).

28. Nada, H. & Furukawa, Y. Growth Inhibition Mechanism of an Ice-Water Interface by a Mutant of Winter Flounder Antifreeze
Protein: A Molecular Dynamics Study. J. Phys. Chem. B 112, 7111-7119, doi: 10.1021/jp711977g (2008).

29. Nada, H. & Furukawa, Y. Growth inhibition at the ice prismatic plane induced by a spruce budworm antifreeze protein: a molecular
dynamics simulation study. PCCP 13, 19936-19942, doi: 10.1039/C1CP21929D (2011).

30. Chernov, A. Crystal growth science between the centuries. Journal of Materials Science: Materials in Electronics 12, 437-449 (2001).

31. Saito, Y. Statistical physics of crystal growth. Vol. 2 (World Scientific, 1996).

32. Ahmed, A. I, Feeney, R. E., Osuga, D. T. & Yeh, Y. Antifreeze glycoproteins from an Antarctic fish. Quasi-elastic light scattering
studies of the hydrodynamic conformations of antifreeze glycoproteins. J. Biol. Chem. 250, 3344-3347 (1975).

33. Sazaki, G., Zepeda, S., Nakatsubo, S., Yokoyama, E. & Furukawa, Y. Elementary steps at the surface of ice crystals visualized by
advanced optical microscopy. Proc. Natl. Acad. Sci. USA 107, 19702-19707, doi: 10.1073/pnas.1008866107 (2010).

34. Ferreira, C., Rocha, F. A, Damas, A. M. & Martins, P. M. On growth rate hysteresis and catastrophic crystal growth. J. Cryst. Growth
368, 47-55, doi: http://dx.doi.org/10.1016/j.jcrysgro.2013.01.016 (2013).

35. Kubota, N. Effect of Impurities on the Growth Kinetics of Crystals. Cryst. Res. Technol. 36, 749-769, doi: 10.1002/1521-
4079(200110)36:8/10 < 749::AID-CRAT749 > 3.0.CO;2-# (2001).

36. Kubota, N. Effects of cooling rate, annealing time and biological antifreeze concentration on thermal hysteresis reading. Cryobiology
63, 198-209, doi: http://dx.doi.org/10.1016/j.cryobiol.2011.06.005 (2011).

37. Miura, H. & Tsukamoto, K. Role of Impurity on Growth Hysteresis and Oscillatory Growth of Crystals. Crystal Growth & Design 13,
3588-3595, doi: 10.1021/cg400558b (2013).

38. Sekerka, R. E Role of instabilities in determination of the shapes of growing crystals. J. Cryst. Growth 128, 1-12, doi: http://dx.doi.
0rg/10.1016/0022-0248(93)90288-8 (1993).

39. Strom, C. S, Liu, X. Y. & Jia, Z. Antifreeze protein-induced morphological modification mechanisms linked to ice binding surface.
J. Biol. Chem. 279, 32407-32417 (2004).

40. Houston, M. E. et al. Binding of an Oligopeptide to a Specific Plane of Ice. J. Biol. Chem. 273, 11714-11718, doi: 10.1074/
jbc.273.19.11714 (1998).

41. Matsumoto, S. et al. Effects of synthetic antifreeze glycoprotein analogue on islet cell survival and function during cryopreservation.
Cryobiology 52, 90-98, doi: http://dx.doi.org/10.1016/j.cryobiol.2005.10.010 (2006).

42. Graether, S. P. et al. [beta]-Helix structure and ice-binding properties of a hyperactive antifreeze protein from an insect. Nature 406,
325-328 (2000).

43. Liou, Y.-C., Tocilj, A., Davies, P. L. & Jia, Z. Mimicry of ice structure by surface hydroxyls and water of a [beta]-helix antifreeze
protein. Nature 406, 322-324 (2000).

44. Griffith, M. & Yaish, M. W. E. Antifreeze proteins in overwintering plants: a tale of two activities. Trends Plant Sci. 9, 399-405, doi:
http://dx.doi.org/10.1016/j.tplants.2004.06.007 (2004).

45. Jia, Z., DeLuca, C. I., Chao, H. & Davies, P. L. Structural basis for the binding of a globular antifreeze protein to ice. Nature 384,
285-288 (1996).

46. Wang, J.-H. A Comprehensive Evaluation of the Effects and Mechanisms of Antifreeze Proteins during Low-Temperature
Preservation. Cryobiology 41, 1-9, doi: http://dx.doi.org/10.1006/cryo.2000.2265 (2000).

47. Inglis, S. R., Turner, J. J. & Harding, M. M. Applications of Type I Antifreeze Proteins: Studies with Model Membranes &
Cryoprotectant Properties. Curr. Prot. & Pept. Sci. 7, 509-522 (2006).

48. Furukawa, Y. In Handbook of Crystal Growth (Second Edition) (ed Tatau Nishinaga) 1061-1112 (Elsevier, 2015).

49. Uda, Y., Zepeda, S., Kaneko, F., Matsuura, Y. & Furukawa, Y. Adsorption-Induced Conformational Changes of Antifreeze
Glycoproteins at the Ice/Water Interface. J. Phys. Chem. B 111, 14355-14361, doi: 10.1021/jp075429s (2007).

50. Zepeda, S., Nakatsubo, S. & Furukawa, Y. Apparatus for single ice crystal growth from the melt. Rev. Sci. Instrum. 80, 115102, doi:
10.1063/1.3222739 (2009).

Acknowledgements

We thank the Japan Aerospace Exploration Agency (JAXA) for its across-the-board support regarding the use of
the KIBO module on the ISS. We are also grateful for the efforts of T. Maki (Olympus), A. Yamamoto (Olympus),
T. Tomobe (IHI), H. Fukushi (Hokkaido Univ.) and T. Ohta (Hokkaido Univ.) in the context of the development
of the ICC2 apparatus and for the colorimetric analysis by N. Murakami (AES) of the AFGP concentration of the
sample solution. YF and EY thank an anonymous reviewer for their valuable comments during the preparation of
the manuscript. This work was partially supported by JSPS KAKENHI Grant Numbers 26287095 and 25600081.

Author Contributions

Y.E. conceived the project. S.N. and S.Z. assisted in the development of the growth apparatus. LY., H.T,, T. Sh.,and T.
So. arranged and conducted the space experiments. K.N., Y.E, E.Y., H.A,, K. M., and G.S. analyzed the experimental
data. S.Z. and T.T. performed the ground experiments as references. All authors discussed the results and contributed
to the interpretation of the data. Y.F. wrote the paper with contributions from K.N. and E.Y.

Additional Information
Supplementary information accompanies this paper at http://www.nature.com/srep

Competing financial interests: The authors declare no competing financial interests.

SCIENTIFIC REPORTS | 7:43157 | DOI: 10.1038/srep43157 9


http://dx.doi.org/10.1016/j.jcrysgro.2004.10.085
http://dx.doi.org/10.1016/S0167-2789(00)00148-2
http://dx.doi.org/10.1016/j.jcrysgro.2013.01.016
http://dx.doi.org/10.1016/j.cryobiol.2011.06.005
http://dx.doi.org/10.1016/0022-0248(93)90288-8
http://dx.doi.org/10.1016/0022-0248(93)90288-8
http://dx.doi.org/10.1016/j.cryobiol.2005.10.010
http://dx.doi.org/10.1016/j.tplants.2004.06.007
http://dx.doi.org/10.1006/cryo.2000.2265
http://www.nature.com/srep

www.nature.com/scientificreports/

How to cite this article: Furukawa, Y. et al. Oscillations and accelerations of ice crystal growth rates in
microgravity in presence of antifreeze glycoprotein impurity in supercooled water. Sci. Rep. 7, 43157; doi:
10.1038/srep43157 (2017).

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

This work is licensed under a Creative Commons Attribution 4.0 International License. The images

S or other third party material in this article are included in the article’s Creative Commons license,
unless indicated otherwise in the credit line; if the material is not included under the Creative Commons license,
users will need to obtain permission from the license holder to reproduce the material. To view a copy of this
license, visit http://creativecommons.org/licenses/by/4.0/

© The Author(s) 2017

SCIENTIFICREPORTS | 7:43157 | DOI: 10.1038/srep43157 10


http://creativecommons.org/licenses/by/4.0/

	Oscillations and accelerations of ice crystal growth rates in microgravity in presence of antifreeze glycoprotein impurity  ...
	Results

	Observation of ice crystal growth under microgravity. 
	Measurements of normal growth rates. 
	Oscillatory growth observed on the basal faces. 
	Growth promotion of the basal faces of ice in AFGP solution. 

	Discussion

	Mechanism of growth promotion of the basal faces of ice by adsorbed AFGP. 
	Processes triggering growth oscillation. 
	Freezing inhibition of living organisms by AFGP. 

	Methods

	Ice crystal growth and imaging. 
	Materials. 
	Procedures for space experiments on ISS-KIBO. 

	Acknowledgements
	Author Contributions
	﻿Figure 1﻿﻿.﻿﻿ ﻿ Interference fringes observed on the basal faces of ice that indicate the periodic fluctuation of the growth rate.
	﻿Figure 2﻿﻿.﻿﻿ ﻿ Growth rates obtained under microgravity conditions on the ISS as a function of the ΔT∞ of the AFGP solution.
	﻿Figure 3﻿﻿.﻿﻿ ﻿ Schematic illustration of growth kinetic processes to explain the origin of the growth oscillation.
	﻿Figure 4﻿﻿.﻿﻿ ﻿ Schematic illustration to explain the establishment of freezing inhibition by AFGP molecules in relation to the growth promotion of the basal face.




