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Ice modulatory effect of the polysaccharide
FucoPol in directional freezing†

Bruno M. Guerreiro,ab Leo T. Lou,c Boris Rubinsky*c and Filomena Freitas *ab

Directional freezing harnesses crystal growth development to create aligned solid structures or etchable

patterns, useful for directed ice growth in cryobiology and cryoprinting for tissue engineering. We have

delved into the ice-modulating properties of FucoPol, a fucose-rich, bio-based polysaccharide. Previous

research on FucoPol revealed its non-colligative hysteresis in kinetic freezing point, reduced crystal

dimensions and cryoprotective effect. Here, FucoPol reshaped developing sharp, anisotropic obloid ice

dendrites into linearly-aligned, thin, isotropic spicules or tubules (cooling rate-dependent morphology).

The effect was enhanced by increased concentration and decreased cooling rate, but major reshaping

was observed with 5 mM and below. These structures boasted remarkable enhancements: uniform

alignment (3-fold), tip symmetry (5.9-fold) and reduced thickness (5.3-fold). The ice-modulating

capability of FucoPol resembles the Gibbs–Thomson effect of antifreeze proteins, in particular the ice

reshaping profiles of type I antifreeze proteins and rattlesnake venom lectins, evidenced by a 52.6 � 2.21

contact angle (y) and spicular structure generation. The high viscosity of FucoPol solutions, notably

higher than that of sucrose, plays a crucial role. This viscosity dynamically intensifies during directional

freezing, leading to a diffusion-limited impediment that influences dendritic formation. Essentially, the

ice-modulating prowess of FucoPol not only reinforces its established cryoprotective qualities but also

hints at its potential utility in applications that harness advantageous ice growth for intentional

structuring. For instance, its potential in cryobioprinting is noteworthy, offering an economical,

biodegradable resource, of easy removal, sidestepping the need for toxic reagents. Moreover, FucoPol

fine-tunes resulting ice structures, enabling the ice-etching of biologically relevant patterns within

biocompatible matrices for advanced tissue engineering endeavors.

1. Introduction

Ice crystal growth is the main predictor of cellular lethality
during the freezing of biological samples.1 To alleviate or fully
suppress the mechanical damage cells undergo during crystal-
lization, chemical additives are supplemented. These cryopro-
tectants are chemically very diverse, and usually categorized as
small-molecule (e.g. glycerol, DMSO)2 or polymeric agents
(e.g. PVA,3 antifreeze proteins,4 polyampholytes,5–7 bio-based
polysaccharides2,8–11). The several mechanisms of action pre-
viously ascribed to cryoprotectant molecules range from

influences on solution viscosity,12 cell membrane properties,
their direct interference on phase-change thermodynamics13

and dynamic ice modulation. The latter can be studied by
directional freezing (start of revision block), a subtype of
directional solidification using water as substrate, in which
the development of a solid phase grows constrained to one
direction in space (i.e. Z-axis). Under a thermal gradient,
temperature fluctuations in the moving ice front will generate
dynamic instabilities that eventually lead to ice dendrites.14–16

While commonly employed in materials science,17 this techni-
que has shown benefits in cryobiology.18,19 Directionally frozen
cells have shown higher post-thaw viability, reduced post-thaw
culturing time and implementation into microfluidic devices.20

In larger scale, the control of ice growth directionality, along
with vitrification, have been highlighted as the best strategies
for biological preservation of tissues and organs.21

This study draws from the underlying concepts of crystal
growth thoroughly described by Kurz and Fisher.22 Fundamen-
tally, the freezing rate applied controls ice front velocity and
ice dendrite morphology,23 and consequent cell survival.24

However, any perturbation in the original shape of the
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dendritic profile is a manifestation of dissolved solutes,25–28

which may diffuse into the bulk ice or remain rejected from the
solid fraction and supersaturate at the interface.15,29 Molecular
interactions with the dendritic interface may generate ice
shaping effects if there is a strong binding affinity, which will
depend on molecular nature,2 molality and global charge. Such
is the case of antifreeze proteins, which adsorb to particular
facets of the ice front by an adsorption-inhibition mechanism,30

which inhibits ice growth on characteristic ice-binding regions,
leading to dendritic profiles with recognizable patterns.31

The thermodynamic manifestation of this adsorptive bind-
ing at the microscale is known as the Gibbs–Thomson effect.33

Thus, ice modulation properties can be probed by character-
istic changes in dendritic shape, and attributed to classes of
molecules with particular traits, such as molecular weight,
structural conformation, solution viscosity and polyelectrolyte
character (end of revision block).

In this work, we explored the ice modulatory capabilities
of FucoPol, a bacterial cryoprotectant biopolymer (Fig. 1), in a
directional freezing setup. The cryoprotective potential of

FucoPol has been widely explored. First, the polymer acts as a
crystallization initiator, successfully cryopreserving several ani-
mal cell lines by promoting earlier ice nucleation at sub-zero
temperatures, significantly altering the kinetic freezing point of
aqueous solutions, but reducing ice crystal dimensions to
innocuous sizes.8 Its performance was shown to be highly
independent of solute composition, thus presenting great
chemical flexibility in cryoprotective formulation development.9

Second, it has a rheological shear-thinning behavior34 reflective of
a linearly-disposed chain, highly repeated, showing strong analogy
to antifreeze proteins,35 and viscoelastic properties comparable to
those of guar gum and fucogel.34 Third, it distinguishes itself from
common-use CPAs by its bio-based non-cytotoxic nature,8 very low
osmolality and osmotic regulation effects due to its extracellular
location and suspected cell membrane stabilization effects.36

Lastly, we have recently shown that FucoPol can also influence
the nucleation phase of metastable water, stabilizing its super-
cooled state in an exponential timescale and reducing the stochas-
tic nature of nucleation events down to a narrower, predictable
temperature interval.10 All these properties reflect the acute inter-
est in studying the influence of carbohydrate polymers in super-
cooled water systems, which is also a key aspect of directional
freezing under a constant temperature gradient.

Here, we have determined the resulting ice dendrite mor-
phology during directional freezing, for sucrose and FucoPol
solutions, under two different cooling rates, and assessed fea-
tures such as granularity, orthogonal striation, lamellar stack-
ing and side branching. We performed photomicrographic
geometric analysis of the resulting dendrites, as a means of
quantifying practical performance indicators of growth modula-
tion, such as lamellar thickness, tip protuberance, tilt angle,
primary spacing, sharpness coefficients and growth anisotropy
along the Z-axis. We hereby show that the cryoprotective polysac-
charide FucoPol can also finetune dendrite growth morphology by
yielding symmetric, linearly aligned tubular patterns of adjustable
sharpness, with future impact in tissue engineering strategies.

2. Experimental section
2.1 FucoPol production

FucoPol was produced by cultivation of Enterobacter A47 (DSM
23139) in a 2 L bioreactor (BioStat B-plus, Sartorius, Göttingen,
Germany) under a fed-batch mode, using 40 g L�1 glycerol
(Sigma-Aldrich, Germany) as the carbon source, according to
the procedure previously described.37 Briefly, FucoPol was
extracted from the cultivation broth by dia/ultrafiltration, and
characterized in terms of sugar monomers and acyl group
compositions, and molecular mass distribution. The sample
had number (Mn) and weight average molecular (Mw) weights of
1.9 � 106 Da and 3.3 � 106 (�0.3 � 106 Da), respectively, with a
polydispersity of 1.70.

2.2 Sample preparation

Aqueous solutions of FucoPol were prepared at concentrations
of 0.125, 0.25 and 0.5 wt% (molar equivalent 1.25, 2.5 and

Fig. 1 Structural repeating unit of FucoPol, a high-molecular-weight
(1.7–5.8 � 106 Da) fucose-containing cryoprotective EPS produced by
Gram-negative Enterobacter A47 (DSM 23139).32 FucoPol has a fucose,
galactose, glucose, and glucuronic acid hexamer motif (2.0 : 1.9 : 0.9 :
0.5 M ratio), a main chain composed of a (1 - 4)-a-L-Fucp-(1 - 4)-a-
L-Fucp-(1 - 3)-b-D-Glcp(1- 3) trimer repeating unit, and a trimer branch
a-D-4,6-pyruvyl-Galp-(1 - 4)-b-D-GlcAp-(1 - 3)-a-D-Galp(1 - 4) in the
C-3 of the first fucose.8 It also contains 13–14 wt% pyruvyl, 3–5 wt% acetyl,
and 2–3 wt% succinyl in its composition (not shown).32 The presence of
glucuronic acid as well as the acyl substituents pyruvyl and succinyl confer
a polyanionic character to the biopolymer.32
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5 mM), and sucrose at 5 mM, using deionized water (type II, SKU
S25293) as solvent. Dissolution was performed at room-
temperature with a magnetic stir bar under slow agitation, for
at least 30 minutes. Dissolution was considered complete when
the solution had a homogeneous beige appearance.

2.3 Directional freezing stage design

A directional freezing stage was built for the real-time monitor-
ing and image acquisition of growing ice dendrites, based on
previous conceptual work.14,38 The centerpiece is composed of
a microscope glass slide with a 3D-printed Bridgeman shape
glued on top, to provide a bottom-sealed container for the
aqueous solutions, and a 3 mm cotton cord at the leftmost edge
of the rectangular shape. The Bridgeman shape, when dis-
placed at constant velocity under a fixed temperature gradient,
provides a constant cooling rate for crystal dendrite growth
along an arbitrary Z-axis (Fig. 2). The initial narrow region was
intentionally designed to accommodate multidirectional ice
growth arising from stochastic nucleation, resulting in con-
fined crystals constrained by grain boundaries (Fig. 2, left
panel). Further progression of the interface towards the broad
region of the Bridgeman shape promotes unidirectional growth
of characteristic ice dendrites (Fig. 2, right panel), whose

morphological changes are very sensitive to the type of solute
present, molality, viscosity, diffusivity, dendrite-water partition
coefficient, thermal gradient and interface velocity. The center-
piece was placed on top of two temperature gradient blocks
(one on each side) with a 5 mm gap designed to enable the
microscope lens to visualize the center frame of the Bridgeman
shape. The temperature gradient blocks were composed of
three layers. From bottom to top: (i) a water-cooling block that
contains inlet and outlet tubes in physical contact with water
containers at �10 1C and 20 1C, (ii) two Peltier modules initially
calibrated at �5 1C and 4 1C, respectively, coupled to a
temperature controlling device and (iii) a copper plate to
enhance thermal conductivity and minimize thermal lag.

Prior to solution injection, the slide was cleaned with a
compressed air duster and placed on the hot stage for 3 min to
eliminate condensation before each run. Then, 1.5 ml of test
solution was uniformly pipetted onto the Bridgeman shape and
held for 5 min for thermal equilibration. Lastly, the syringe
pump was activated to drag the slide and image acquisition was
performed in the center frame. Image and video acquisition
was performed by connecting a NIKON camera to the ocular
lenses of a NIKON ECLIPSE microscope (100� amplification)
and capturing the dendritic profile when it achieved a static
frame of reference. Temperature sensing was performed with a
K-type thermocouple in physical contact with the edge of each
Peltier module. Pulling velocity was tuned with a conventional
World Precision Instruments syringe pump. For establishing
0.5 1C min�1 and 3.4 1C min�1 cooling rates, pulling velocities
of 58 mm s�1 and 400 mm s�1 were used, respectively. For a
5 mm gap between both Peltier plates, the effective thermal
gradient was 1.8 1C mm�1.

2.4 Determination of contact angle and thermal hysteresis

The contact angle (y) formed between the kink site of poly-
saccharide adsorption to the ice front, established as a geo-
metrical plane orthogonal to ice growth and the ice–water
interface (Fig. 4(g)) and dendrite width (d) were measured in
triplicate for N = 6 dendrites using the ImageJ software. Then,
thermal hysteresis was calculated using the Gibbs–Thomson
equation,39 which relates the ice–liquid interface curvature and
an ensuing freezing point change to geometric limitations:

TH ¼ 4gvITf cos y
dLf

(1)

where Tf (273.15 K) is the equilibrium freezing point of uncon-
fined pure water, vI (1.091 � 10�3 m3 kg�1) is the specific
volume of ice at the given Tf, Lf (3.337 � 105 J kg�1) is the
specific latent heat of fusion of pure water at the given Tf, g
(30 mJ m�2) is the ice–water interfacial tension, cos y is the
contact angle that the ice–water interface makes with the
confining pore wall as measured through the liquid water
and d is the dendrite width at the base of tip protuberance.

2.5 Statistical analysis

All experimental data was shown as mean � s2, as a result of, at
least, triplicate experiments, for N = 94 total dendrites analyzed.

Fig. 2 Schematics of the directional freezing of pure water for the setup
used in this study. A Bridgeman shape, composed of narrow and broad
regions, is displaced along a temperature gradient of 1.81 mm�1. Initially,
nucleation in the narrow region promotes multidirectional ice growth with
grain boundaries. As the freezing temperature reaches the broad geometry
of the Bridgeman sample holder, ice dendrites grow unidirectionally along
the Z-axis, thus enabling directional freezing. Within thermal boundaries Tc
and Th of�5 and 4 1C, respectively, the heat transfer gradient is linear, such
that the cooling rate is constant and proportional to the applied mechan-
ical pull. Cooling rates of 3.4 1C min�1 (depicted) and 0.5 1C min�1 were
studied.
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Statistical significance was assessed with an ordinary ANOVA,
with p-value significance being reported as threshold values of
0.12 (ns), 0.033 (*), 0.002 (**) and o0.001 (***), for a 95%
confidence interval (a = 0.05).

3. Results
3.1 Interfacial ice patterns

FucoPol, a cryoprotective bio-based polysaccharide, was probed
for its ice modulating capabilities, and compared with a small
sugar molecule, sucrose, in a directional freezing setting.

Fig. 3 shows the dendritic appearance of ice crystals under
the influence of different solute types and concentrations, at
two different cooling rates. Table 1 qualitatively describes the
characteristics of each interfacial pattern. Pure water froze
unidirectionally to form single-layered, transparent, conjoined
dendrites that assumed an asymmetrical obloid shape, where
its tip is sharp and anisotropically displaced from the center
axis of growth, the Z-axis (Fig. 3(a)). Sucrose generated an
anisotropic perturbation of the ice front on both the arbitrary
Z-axis of directional growth and the orthogonal y-axis, in the
sense that ice dendrites show dense, disorganized, lamellar
stacking (Fig. 3(b)). Contrary to sucrose, the cumulative addi-
tion of FucoPol (Fig. 3(c)–(e)) results in the progressive isotropic
alignment of dendrites accompanied by a shapeshifting from
obloid to spicular morphology that is congruent with an
increase in polysaccharide concentration. At 5 mM FucoPol,
greater tip symmetry, enhanced interdendritic alignment and
reduced width are observed (Fig. 3(e)). Dendritic granularity
and side branching also progressively decreased with FucoPol
concentration (Table 1). At lower concentrations of solute, there

are perturbations in the solid bulk that result in a granular
appearance, but such was not observed for 5 mM FucoPol. The
dynamic nature of dendritic formation implies a phase change
and solute supersaturation due to a reduction in the unfrozen
water fraction, leading to an increase in viscosity and reduced
diffusivity. Thus, it implies that polymer–polymer interactions
eventually become predominant over polymer–water interac-
tions, which agrees with the known entanglement regime for
FucoPol at this concentration.34 The temporal evolution of
viscosity may also explain the gradual fadeout of dendrite
texture from granular to smooth, as dendrites continued to
grow in the presence of FucoPol. Lamellar stacking was
observed for almost all conditions containing a molecular
additive, although sucrose contains several cross-intersecting
dendrites. The only exception was 5 mM FucoPol, which was
able to preserve the single-layer characteristic of pure ice
dendrites, but with significantly decreased thickness and
improved Z-alignment (Fig. 3(e)) when compared to sucrose
(Fig. 3(b)). Ultimately, FucoPol showed a significant ice mod-
ulating effect at the water–ice interface. The emergence of
increased primary spacing and brine channels between den-
drites (Fig. 3(e)) leading to segregated spicular structures arises
from a strong binding of the polysaccharide to kink sites that
preclude the stepwise advancement of the ice front. Kink site
development is more noticeable at slower cooling rates
(Fig. 3(j)) and led to blunt tubular shapes rather than sharp
spicules.

3.2 Effect of solute type and concentration

To descriptively assess the effects of each solute and concen-
tration on ice dendrites, we performed a quantitative geometric
parameter analysis of dendritic morphology for N = 94

Fig. 3 Photomicrographs of directionally frozen aqueous solutions at contrasting cooling rates, 3.4 and 0.5 1C min�1. The conditions tested were pure
water (a) and (f), 5 mM sucrose (b) and (g), 1.25 (c) and (h), 2.5 (d) and (i) and 5 mM FucoPol (e) and (j). The ice front is static from the image acquisition
frame of reference, although a moving thermal gradient generates dendrite growth. Image magnification: 100�.
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dendrites obtained in seven experimental triplicate runs. The
results are shown in Fig. 4 and summarized in Table 2. For each
test condition, parameters like lamellar thickness, tip protu-
berance, tip growth anisotropy, tilt angle, sharpness coefficient
and primary spacing between neighboring dendrites were
determined. The geometric definitions are described in
Fig. 4(a). Under a �3.4 1C min�1 cooling rate, ice dendrites in
the presence of 5 mM sucrose are 27% narrower than pure ice
dendrites (Fig. 4(b)), 2.1-fold more protruded (Fig. 4(c)), 3.6-fold
sharper (Table 2), have a similar tilt angle to pure water
(Fig. 4(e)) and reduced tip anisotropy (Fig. 4(f)), i.e. generating
a more centered tip. Primary spacing was also reduced by 42%,
but still remained higher than all FucoPol conditions (Fig. 4(d))
and exclusively showed from extensive lamellar stacking, which
led to overtly disorganized Z-growth (Fig. 3(b)) or side branch-
ing leakage in some runs. With FucoPol, lamellar thickness was
significantly reduced from a maximum 92 mm (pure ice) to a
minimum 19.8 mm (2.5 mM FP). Primary spacing between

dendritic tips was objectively smaller under the presence of
both solutes (Fig. 4(d)), with the emergence of brine channel
depth for higher solute concentrations (Fig. 3(e)). The latter
resulted in enhanced concavity and depth of the interdendritic
spacings (Fig. 3(e)), generating spicules at an extreme and
suggesting the strong affinity of the polysaccharide for specific
kink sites in the ice front. The rather unvariant average primary
spacing value between low and high FucoPol solutions (ca. 22–
30 mm) (Table 2) and its distinction from sucrose (ca. 40–46 mm)
and pure water averages (ca. 110 mm) also suggests a character-
istic preferential spacing between FucoPol molecules binding
to the kinks of the ice front. The addition of increasing
concentrations of FucoPol promotes an overall dendritic align-
ment along the Z-axis of directional growth, with the tilt angle
reducing from ca. 2.51 for pure water down to ca. 1.41 (Fig. 4(e)).
Although no significant changes in tilt angle are noted, the
absence of lamellar stacking in comparison to sucrose is
significant. Tip protuberance (Fig. 4(c)) however, reduced from

Fig. 4 Summary of descriptive features of directionally frozen dendrites under a 3.4 1C min�1 cooling rate in pure water (white) or in the presence of
1.25, 2.5, 5 mM FucoPol (FP, grey) and 5 mM sucrose (Suc, brown). In (a), the geometric definition employed for calculating the metrics for each feature
analysed in (b)–(g) are depicted. Lengths are shown in mm. Error bars correspond to 95% CI. Data was collected from at least N = 10 dendrites for each
condition, obtained from triplicate experiments. Statistical significance identifiers (*pr 0.03, ** pr 0.002, *** p r 0.001) correspond to a hypothesis
testing of different solutes exerting a difference in each dendritic parameter, compared to pure water.

Table 1 Summary of qualitative analysis of photomicrographs for different directional freezing conditions. The scale is a relative perception score (1–3)
of the observed trait

Sample Cooling rate Granularity Orthogonal striation Lamellar stacking Side branching

Water * * ** *
1.25 mM FucoPol *** * *** ***
2.5 mM FucoPol 3.4 1C min�1 *** * ** **
5 mM FucoPol * * * *
5 mM sucrose * * *** *

Water * *** * *
1.25 mM FucoPol *** *** *** **
2.5 mM FucoPol 0.5 1C min�1 *** ** *** **
5 mM FucoPol * * ** *
5 mM
sucrose

* * * *
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90.4 to 47.7 mm for 1.25 mM FucoPol and 19.8 mm for 2.5 mM
FucoPol. At 5 mM, the basal ice front was absent, replaced by
continuous brine channels. Pure ice dendrites have a Z-growth
anisotropy ratio of 0.71, which decreases to 0.4 in the presence
of 5 mM FucoPol, indicating more isotropic tip growth.

Essentially, increasing FucoPol concentration consistently
generates a progressive alignment and centering of the den-
dritic tip, contributing to uniform, closely packed, isotropic
Z-growth, contrary to what was observed for sucrose. As for
FucoPol concentration, different values provide shape tun-
ability due to proportionally different viscosity values, exerting
different magnitudes of a modulatory effect on the ice front.
Increased viscosity also explains forced alignment as it con-
strains diffusional degrees of freedom from water molecules
constituting the dendrite. The reduction in tip sharpness
coefficient (Table 2) from 0.51 (blunt) for pure water down to
0.14 (sharp) for 5 mM FucoPol might arise from the Gibbs–
Thomson effect. As concentration increases, dendrites transition
from broad obloid shapes (pure water), through progressively

rhombohedral dendrites (1.25, 2.5 mM FucoPol), to a spicular
shape (5 mM FucoPol). From an interfacial energetics stand-
point, sharp surfaces have a higher interfacial energy, hinder-
ing further water molecule migration towards tip growth,
reflecting a growth inhibition effect due to adsorption.

3.3 Effect of cooling rate

The cooling rate applied can be modulated by the pulling
velocity under a constant thermal gradient. As it is proportional
to interfacial velocity, it generates a distinct dendritic pattern.
Fig. 5 shows the observed dendritic parameter differences
between 5 mM sucrose and 5 mM FucoPol samples, under
cooling rates of �3.4 1C min�1 (blue) and �0.5 1C min�1

(orange). A slower applied cooling rate (�0.5 1C min�1) is
conducive to lower dendritic lamellar thickness (Fig. 5(b)), tip
protuberance (Fig. 5(c)) and Z-growth anisotropy (Fig. 5(f)) for
both sucrose and FucoPol solutions. Lamellar thickness
dropped from average 67.2 to 39.7 mm for sucrose and 21.9 to
17.3 mm for FucoPol; tip protuberance was reduced from 191.7

Table 2 Summary of quantitative analysis of photomicrographs for different directional freezing conditions. Lengths are in mm

Sample
Cooling rate
(1C min�1)

Lamellar
thickness

Dendritic tip
protuberance

Dendrite tilt
angle

Tip sharpness
coefficient

Z-growth
anisotropy

Primary
spacing N

Water 3.4 92.0 � 32.8 90.4 � 56.3 2.56 � 1.80 0.51 � 0.16 0.71 � 0.31 109.7 � 34.4 11
1.25 mM FucoPol 3.4 42.9 � 14.9 47.7 � 17.3 2.47 � 0.67 0.29 � 0.03 0.84 � 0.11 30.2 � 11.9 13
2.5 mM FucoPol 3.4 19.8 � 5.2 19.8 � 7.0 1.12 � 0.77 0.01 � 0.005 0.90 � 0.21 21.6 � 7.4 11
5 mM FucoPol 3.4 21.9 � 10.4 94.7 � 53.5 1.36 � 0.60 0.14 � 0.09 0.40 � 0.27 31.1 � 12.5 14 20

0.5 17.3 � 4.4 8.5 � 2.7 0.87 � 0.61 0.006 � 0.004 0.12 � 0.11 22.4 � 4.0
5 mM sucrose 3.4 67.2 � 32.5 191.7 � 59.9 2.57 � 2.29 0.18 � 0.11 0.44 � 0.27 46.33 � 27.6 15 10

0.5 39.7 � 14.9 41.9 � 14.6 17.0 � 13.7 0.40 � 0.11 0.24 � 0.17 41.7 � 14.7

Fig. 5 Effect of cooling rate on the dendritic features of directionally frozen 5 mM FucoPol and 5 mM sucrose samples (a)–(f) and resulting contact angle
determination for dendrites grown in 5 mM FucoPol (g). Blue and orange correspond to cooling rates of 3.4 1C min�1 and 0.5 1C min�1, respectively.
Lengths are shown in mm. Error bars correspond to 95% CI. Data was collected from at least N = 10 dendrites for each condition, obtained from triplicate
experiments. Statistical significance identifiers (*p r 0.03, **p r 0.002, ***p r 0.001) correspond to a hypothesis testing of different cooling rates
exerting a difference in each dendritic parameter, for each sample. Panel (g) is a zoom-in of Fig. 2(j), representing schematically the determination of the
polysaccharide–ice–water contact angle y, rationalized as a cylindrical pore-confined geometry. Dendrite width d at the base of tip protuberance and
dendrite number (1–6) for which y was determined is also shown.
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to 41.9 mm for sucrose and 94.7 to 8.5 mm for FucoPol; and
Z-growth anisotropy decreased from 0.44 to 0.24 for sucrose
and 0.40 to 0.12 for FucoPol. Essentially, a slower cooling rate
generated ice front progression in a steadier, more stepwise
fashion, whereas dendrites have smaller widths with blunt,
centered, less-protruded tips. This is in agreement with
reduced side branching but increased orthogonal striation
(Table 1). The slower growth of an ice front corrects potential
side branching, leading to greater dendrite symmetry (Fig. 3(a)
and (f)), but results in increased orthogonal striation, as the
stepwise advancement of the solid phase is more pronounced
(Table 1). It is particularly noticeable in Fig. 3(e) and (j) that
dendritic alignment is significantly better in the presence of
5 mM FucoPol than any other condition, with better discrete
separation of dendrites.

In what concerns tilt angle, tip sharpness coefficient and
primary spacing, the trend is sample-specific. At�0.5 1Cmin�1,
a 5 mM FucoPol sample had a slightly decreased tilt angle
compared to faster cooling and great alignment, while sucrose
still preserved the characteristic degree of misalignment rela-
tive to the Z-axis. Tip sharpness reduced from 0.14 to 0.006 with
5 mM FucoPol, creating highly symmetrical, semi-spherical
dendrite tips in the advancing ice front, while for sucrose, an
increase from 0.18 to 0.40 was observed. Lastly, primary spa-
cing reduced from 31.1 to 22.4 mm with 5 mM FucoPol, gen-
erating better dendrite packing, while for sucrose only a 10%
reduction in primary spacing was observed, although lamellar
superposition was eliminated.

Ultimately, a slower cooling rate emphasized the ice-binding
interactions of each sample type. For sucrose, slower cooling
eliminated dense lamellar stacking at the expense of worse
dendritic alignment, robustness and separation. For 5 mM
FucoPol, the very thin, highly aligned appearance of dendrites
was preserved, alongside an increase in tight junction packing,
resulting in a more uniform front. In the context of applic-
ability, if a highly symmetrical tubular structure is the desired
interfacial pattern, the usage of high molecular weight FucoPol
is preferred over sucrose due to its modulatory effect and ability
to finetune dendrite width, length, packing and sharpness, the
latter tunable by the cooling rate applied.

3.4 Contact angle

The ice modulatory effect of FucoPol hinted at a polysacchar-
ide–ice binding effect that is usually reflected in surface mod-
ifications, such as the contact angle between the solid and
liquid phases. Thus, the polysaccharide–ice–water contact
angle y was determined for the interfacial pattern obtained
with a 5 mM FucoPol solution at �0.5 1C min�1, made simple by
its uniform growth (Fig. 5(g)). Here we adopted a cylindrical
pore-confined geometrical approximation of the growth space,
which has been used before in determining the protein–ice–
water contact angle,39 as antifreeze proteins modulate ice in the
same fashion.40 This approximation assumes that a dendrite
growing in the z-axis is confined by chemical barriers of ice
modulator (in this case, FP) that extend parallel to its growth
(Fig. 5(g), blue lines), imposing an interface curvature.

The previous observation of extensive interdendritic depth
(Fig. 3(e)) suggested that the binding of FucoPol to a kink site
hinders further ice growth in the space it occupies, rendering
this approximation valid for the determination of y. From
eqn (1), we have computed that an initial FucoPol concen-
tration of 5 mM results in an average dendrite tip width d of
11.8 � 0.6 mm and a polysaccharide–ice contact angle y of
52.6 � 2.21. Surface curvature was consistently symmetric,
varying just by 11 for left (53.5 � 2.01) and right (51.8 � 2.01)
y values.

3.5 Thermal hysteresis

The imposing of an interface curvature by FucoPol also implies
that a freezing point change ensues,41 due to a change in
surface energetics. Thermal hysteresis (TH), a common prop-
erty observed in cryoprotectants and antifreeze proteins where
the kinetic freezing point deviates from the equilibrium freez-
ing point (otherwise known as the melting point) was deter-
mined from contact angle determinations. From the Gibbs–
Thomson equation (eqn (1)), and assuming a uniform density
of FucoPol molecules along the surface curvature of a dendrite,
an average absolute TH of 6.7 � 1.6 1C was obtained for ice
curvature induced by 5 mM FucoPol. Depending on each
individual dendrite, TH varied between 3.4 and 8.1 1C. This
value is in agreement with previous thermal hysteresis data
collected from differential scanning calorimetry experiments
using FucoPol,8 where the average kinetic freezing points for
pure water and 0.5–1% FucoPol solutions were �19.2 � 0.5 1C
and �14.1 � 1 1C, respectively, yielding a TH interval of
3.6–6.6 1C.

4. Discussion

The transition from obloid-shaped, anisotropically grown,
broad, sharp, misaligned ice dendrites to tubular-shaped, iso-
tropic, symmetric, blunt, Z-aligned dendrites is of great interest
in cryopreservation. Directional freezing has shown benefits in
cryobiology,18,19 as controlling ice growth directionality has
been highlighted as the best strategy for biological preservation
in cells,20 tissues and organs.21 Now, the modulation of
instabilities during dendritic development towards beneficial
shapes by the addition of a solute of interest becomes a new
approach towards tackling the ice growth problem. The result-
ing dendritic appearance depends not only on the type of solute
used, but a myriad of experimental conditions, such as cooling
rate, interfacial velocity, solution diffusivity and molality, which
are transversal parameters to both directional freezing and
conventional cryopreservation procedures.

FucoPol, a bio-based fucose-rich polysaccharide, has shown
a significant ice modulatory effect at the water–ice interface,
adding to the collective understanding of its cryoprotective
effect. The effect appears dose-independent, as the highest
molar FucoPol concentration (5 mM) generated a significantly
different outcome from 5 mM sucrose. This inference aligns
with its non-colligative nature observed before.8 The two most
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prominent features of FucoPol usage were (i) dendritic align-
ment and (ii) shape tunability. First, the proper alignment of
dendritic growth with the thermal gradient is beneficial in
directional freezing because such experimental control aligns
with the desired outcome: creating highly symmetrical den-
drites without disorganized lamellar stacking. Unlike sucrose,
side branching leakage was not observed for FucoPol solutions,
which leverage an increased solution viscosity towards generat-
ing a uniform ice front where orthogonal diffusivity of water
molecules is hindered. Slow cooling with 5 mM FucoPol resulted
in extensively better overall dendrite alignment than with 5 mM
sucrose, although their individual tilt angles varied. This is a
consequence of the initial conditions of ice growth, hereby
promoted by multidirectional nucleation, which regulate and
determine the degree of uncertain in angle orientation. Thus,
although Z-alignment may be interpreted in a broader sense,
careful considerations should be taken when scrutinizing tilt
angles as a sole consequence of solute influence.

Second, the strong ice modulatory effect of FucoPol can be
finetuned by the cooling rate applied, generating spicular
(�3.4 1C min�1) or tubular (�0.5 1C min�1) dendrites, both of
high symmetry and alignment, the only major reshaping being
the sharpness of the dendrite. The sharp surfaces of spicular
dendrites have a higher interfacial energy than those of pure
water, which may lead to hindering water molecule migration
towards tip growth, resolving into ice growth inhibition. Zhang
et al.42 showed that PVA, the most potent ice recrystallization
inhibiting (IRI) biomimetic polymer right after antifreeze
glycoproteins,43 could only develop kinetic V-shaped dendrites
(past the adsorption-controlled planar ice front) at concentra-
tions 5–10 wt%, which attests to the powerful effect of FucoPol
at 0.5 wt%.

Regardless of the cooling rate, the significant interdendritic
depth (brine channels) obtained at �3.4 1C min�1 (Fig. 3(e)) or
the nuanced emergence of preclusive kink sites in the ice front
at �0.5 1C min�1 (Fig. 3(j)) point to the same mechanism of
action: a Gibbs–Thomson binding effect. The modulatory
action of type I antifreeze proteins35 and rattlesnake venom
lectins27 in ice front progression was morphologically similar to
FucoPol. These molecules are known to act by an adsorption-
inhibition mechanism, in which they preclude the access of
water molecules to a growing ice lattice by binding to the ice
front, exerting a local ice curvature separated by kink sites and
exerting kinetic inhibition.40 FucoPol (5 mg ml�1, 2–3.5 MDa)
also behaved similarly to thermal hysteresis proteins (THP,
5–15 mg ml�1, 3–30 kDa).44

The strong modulation of the interfacial pattern, alongside a
determined polysaccharide–ice–water contact angle of 52.6 �
2.21, also corroborates an active Gibbs–Thomson binding effect
of the polysaccharide chain to the specific binding surface of
the ice front. For reference, 10% DMSO45 only generated a
perturbation of y = 121, while the hyperactive antifreeze protein
from Tenebrio molitor39 resulted in y = 87.51. A 5 mM FucoPol
solution induced a (relatively) moderate surface curvature
similar to an ice-phobic substrate,46 composed of sequentially
linked APTMS, glutaraldehyde and an antifreeze polypeptide

(y = 59.6 � 0.91), revealing some extent of water structuring.39 It
is expected that the potent ice modulatory effect of FucoPol
should not outperform an antifreeze protein, as the periodic
binding sequences and smaller molecular lengths observed for
naturally selected antifreeze proteins most likely contribute to
maximizing binding affinity to a greater extent than the struc-
tural repeating units of a large anionic polysaccharide that
undergoes chain entanglement. Thus, under such incidental
conditions, the modulatory effect of FucoPol is still remarkable.

A significant change in contact angle is accompanied by a
change in surface energetics, which reflects a change in the
local kinetic freezing point. This concept was proposed by
Drori, Davies and Braslavsky,41 who interpreted thermal hyster-
esis as being curvature-induced, whereas ice was only allowed
to grow in regions absent of antifreeze protein or in regions
where the antifreeze protein is adsorbed through non-ice
binding domains. An average absolute TH of 6.7 � 1.6 1C was
obtained for ice curvature induced by 5 mM FucoPol. It is
interesting to observe an agreeably similar TH interval for both
directional freezing and DSC8 experiments, considering
their dissimilar nature; one involving dynamic unidirectional
growth of dendrites, the other a static isotropic freezing of a
droplet.

We further attempted to pinpoint the nature of concen-
tration-dependent observations for FucoPol interfacial pat-
terns. The dynamic nature of directional freezing implies that,
during dendritic growth, a decrease in the unfrozen fraction
generates a progressive solute supersaturation that maximizes
liquid-phase viscosity and minimizes molecular diffusivity. In a
length-scale, it creates a solutal diffusion field. Nagashima
et al.47 showed that dendritic instabilities respond to such a
concentration gradient and ice shaping is maximized by a
transiently higher concentration at the interface. Moreover,
locally different compositions can create visually retreating
layers of dendrites due to melting point depression. Zhang
et al.48 corroborated these findings and added that a solutal
diffusion field depends on solute type, such that a diffusive
flow will promote side branching in a more appreciable way
than residual orthogonal thermal fluxes49 due to a greater
contribution towards phase heterogeneity. In colloidal suspen-
sions especially, the tip would appear ragged and retreated on
one side (solute-rich) and smooth on another (water-rich).48

This was observed for starting lower concentrations of FucoPol
but not 5 mM, suggesting that while in the former there is
appreciable diffusive flow, the latter behaves as viscous and
effectively suppresses side branching leakage, hence the
observed ice front uniformity. A pulling velocity 7-fold slower
further exacerbated this behavior. Three observations sustain
the validity of increased viscosity towards explaining the high
uniformity of the ice front: (i) a visual retreat of dendrites
growing on top of developed ones in the bottom layer can
be observed in Fig. 3(j), which agrees with Nagashima et al.,47

(ii) the anisotropic tip raggedness characteristic of diffusive
flow fades to smooth symmetrical dendrites at higher FucoPol
concentrations, which agrees with Zhang et al.,48 and (iii) Torres
et al.34 has determined that a 0.5 wt% (5 mM) FucoPol
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concentration lies in a high entanglement regime that potentiates
polymer–polymer interactions and generates higher intrinsic visc-
osity. Ultimately, the ice modulatory effect of FucoPol relies on
two fundamental aspects: a Gibbs–Thomson effect induced by the
chemical nature of the polysaccharide, with its binding and non-
binding regions; and a viscosity-dependent modulation of the
liquid dynamics at the interface. At 5 mM FucoPol, a greater
number of binding regions and increased viscosity have a growth
inhibitory effect, establishing kink sites whilst hindering molecu-
lar mobility.

FucoPol-mediated ice modulation in directional freezing
further contributed towards explaining its comprehensive cryo-
protective action,8–10 but its versatility of use for dendrite
reshaping is suggestive of future impact in tissue engineering.
3D bioprinting has leveraged directional freezing to design
microscopic structures for biological applications, coined as
3D cryobioprinting.38 Directional ice growth inside an alginate
matrix induced scaffold structuration that can be retained post-
thaw,50 and has since been optimized to successfully preserve a
10-layer matrix of live cells.51 Other polymer strategies combine
ice-etching scaffolds with chemical crosslinking or density-
gradient cell migration,52–54 but the ice reshaping ability of
biocompatible, biodegradable FucoPol (along with its verified
3D-printability (Fig. S2, ESI†)) quickly enables the ice-etching of
a matrix without using reagents that are toxic or require
washout. In particular, the tightly packed, uniform, tubular
dendrites formed with FucoPol can be used to design micro-
vascular channels, generating model substrates for extensive
biochemical research.

5. Conclusions

FucoPol, a fucose-rich bio-based polysaccharide, has demon-
strated beneficial ice modulatory effects that align with its
cryoprotective function. A directionally frozen 5 mM FucoPol
aqueous solution is able to deliver symmetric, Z-aligned ice
dendrites with tunable sharpness under variable cooling rate.
The modulatory effect of FucoPol differs from that of sucrose
both in desired outcome, quality of outcome and mechanism of
action, showing a non-colligative Gibbs–Thomson effect allud-
ing to the adsorption-inhibition mechanism of antifreeze pro-
teins, most resembling the ice modulatory effects of the type I
antifreeze protein and rattlesnake venom lectin, at a molality
three orders of magnitude lower than sucrose. FucoPol shows
promising intentional design potential in 3D cryobioprinting,
able to generate thin tubules of 17.3 � 4.4 mm in width (5.3-fold
reduction from pure water), tightly packed with neighboring
dendrites (22.4 � 4.0 mm primary spacing, without lamellar
stacking), aligned with the thermal gradient (0.87 � 0.611 tilt
angle, 3-fold enhanced directionality control), with dendritic
tips 5.9-fold more symmetric. Depending on the cooling rate
applied, tip morphology can range from sharp spicules (0.14 �
0.09 sharpness coefficient, 3.6-fold less sharp than pure water)
to blunt tubules (0.006 � 0.004). Ultimately, the ice modulatory
effect of 5 mM FucoPol, along with an ice front stabilizing effect

of viscosity due to polymer entanglement, shows promise in
tissue engineering applications that leverage ice-etching using
biodegradable, non-toxic reagents with ease of removal for
designing biomimetic scaffolds.
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