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ABSTRACT: Metastable supercooling has emerged as a trans-
formative technique for ice-free biopreservation, but issues of stability
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its translation out of the laboratory. In this work, we explore the Fwillw . .
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influence of the bio-based carbohydrate polymer FucoPol on aqueous ey wonn] W\ s 1
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supercooling using an isochoric nucleation detection technique. We
show that FucoPol, a high-molecular-weight, fucose-rich polysacchar- ¢,
ide, which has previously been shown to reduce average ice crystal ~
sizes after nucleation, also induces a concentration-dependent
stabilization of metastable supercooled water, as evidenced by both
a significant reduction in nucleation stochasticity (ie., the spread in
temperatures over which the system will nucleate upon cooling) and a P I
corresponding increase in the predicted induction time of nucleation.
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FucoPol is found to confine the stochasticity of ice nucleation to a narrow, well-defined band of temperatures roughly one-third as
wide as that of pure water under identical conditions. Importantly, this substantial reduction in stochasticity is accompanied by only
a minimal (<1 °C) change in the average nucleation temperature, suggesting that this effect is distinct from colligative freezing point
depression. Reducing and characterizing the stochasticity of aqueous supercooling is essential to the engineering design of practical
biopreservation protocols, and the results reported herein suggest that high-viscosity polymer systems may provide a powerful and
largely unexplored lever by which to manipulate metastable-equilibrium phase change kinetics at subzero temperatures.
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1. INTRODUCTION

Aqueous supercooling has shown recent appeal in a range of
applications, particularly in the atmospheric,' food,” and
biomedical fields,”* wherein an aqueous system is held in an
ice-free state below the freezing temperature of water. Because
supercooling is thermodynamically metastable however,
stabilizing the supercooled state through chemical, mechanical,
or other means is of great importance for the usability of
supercooled systems in all manner of applications, and perhaps
most namely biopreservation.”~”

Current methods for securing the viability of biological
matter during subzero temperature preservation rely princi-
pally on the use of chemical cryoprotectants (CPAs) capable of
reducing ice crystal size, growth potential, or occurrence
altogether. However, Rubinsky et al.® have shown the efficacy
of isochoric (constant-volume) chambers at forcing pressur-
ized, biphasic water-ice systems to undergo continuous and
controlled phase transition along the liquidus line, in which the
frozen fraction can be manipulated via the final temperature/
pressure or chemical modulation and ice-free preservation of
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biologics in the liquid volume achieved, something unattain-
able using conventional isobaric freezing.

This methodology eliminates the usage of toxic concen-
trations of CPAs to achieve an ice-free environment in the
biological volume by leveraging the pressure that emerges with
the expansion of ice under confinement, but it is limited in
temperature by the deleterious effects of pressure.” Acknowl-
edging the limitations of high pressure, recent studies have
explored the effects of isochoric conditions on aqueous
supercooling, in which the aqueous system confined in the
isochoric chamber is held in a prenucleation, ice-, and
pressure-free liquid state. These studies have identified
theoretically several mechanisms by which the stability of
supercooling should be enhanced in isochoric systems'”'" and

Received: January 19, 2022
Accepted: March 3, 2022

https://doi.org/10.1021/acsbiomaterials.2c00075
ACS Biomater. Sci. Eng. XXXX, XXX, XXX—XXX


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Bruno+M.+Guerreiro"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Anthony+N.+Consiglio"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Boris+Rubinsky"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Matthew+J.+Powell-Palm"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Filomena+Freitas"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Filomena+Freitas"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsbiomaterials.2c00075&ref=pdf
https://pubs.acs.org/doi/10.1021/acsbiomaterials.2c00075?ref=pdf
https://pubs.acs.org/doi/10.1021/acsbiomaterials.2c00075?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsbiomaterials.2c00075?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsbiomaterials.2c00075?fig=abs1&ref=pdf
pubs.acs.org/journal/abseba?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsbiomaterials.2c00075?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/journal/abseba?ref=pdf
https://pubs.acs.org/journal/abseba?ref=pdf

ACS Biomaterials Science & Engineering

pubs.acs.org/journal/abseba

(a)

-54 Water
o
~ 11 .
g _10_\4 | - " ”
~ ’,‘Lﬂ 4 W‘L‘
-15
0 25 50 75 100
-5 FP 0.25%
o
e .
o =104 . ° -t » faf 2
RN e vl
157 N=364
0 25 50 75 100
-5 FP 0.5%
)
e
g <107 ,
|f “N.W
154 N=154
T T T
0 25 50 75
Cycle

(b)

Fekede
wekke |

=101

=111

=12

=131

-141

Nucleation temperature (°C)

=151

0 0.25 0.5

FucoPol concentration (wt.%)

Figure 1. Nucleation cycle stochasticity and aggregated temperature distribution. (a) Individual nucleation cycle runs for water (black), 0.25%
(blue), and 0.5% FucoPol (red). n = 3 independent trials are shown for each condition, each with >50 cycles. An increased experimental deviation
of temperature points from the mean is evident in pure water. The spread of temperature data for water is minimized with increasing polymer
concentration. (b) Corresponding violin plot distributions show a slight increase in nucleation temperature with increased FucoPol concentration.
Violin plots show aggregated data from n = 3 independent trials of at least 50 cycles each for each condition. Total sample size is N = 281, 364, and
154 for water, 0.25% FucoPol, and 0.5% FucoPol, respectively. Labels indicating statistically significant difference (as determined by one-way
ANOVA) are shown on top of each violin plot: water vs 0.25% FP (no significant difference, p = 0.4495), water vs 0.5% FP (***p < 0.0001), and

0.25% FP vs 0.5% FP (***p < 0.0001).

shown experimentally that indeed isochoric confinement has
the effect of decreasing the likelihood of ice nucleation.'"?

Even considering these effects, however, applications of
isochoric supercooling are still subject to uncertainties borne of
the stochastic nature of ice nucleation. This stochasticity
means that the probability of nucleation can be predicted over
a range of temperatures, but the random probability
distribution means nucleation cannot be pinpointed to a single
temperature. The practical consequence is that, under
isochoric conditions, the extent and location of ice formation
can be fine-tuned, but its physical traits of emergence cannot:
even by precisely manipulating thermodynamic phenomenol-
ogy, this statistical randomness may still result in rogue
nucleation, at a temperature at which the system may cascade
into unintended freezing and pressurization, thus permanently
damaging valuable biological matter.

Therefore, there is a need to find additional methods and
molecules capable of reducing nucleation stochasticity.
Previous work by Suzuki et al.'* has shown that viscosity,
molecular weight, and rotational correlation time have an
influence on the supercooling temperature of water. Thus,
supercooling is correlated with intrinsic properties that define
molecular structure. Although small molecules have been
extensively studied, relatively few polymeric systems have been
probed for their potential,’> and none under isochoric
conditions.

FucoPol is a high-molecular-weight (1.7—5.8 x 10° Da)
fucose-containing polysaccharide secreted by the Gram-

negative bacterium Enterobacter A47 (DSM 23139),'%"
whose cryoprotectivels’19
strated. 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 — 4)-a-L-Fucp-(1 — 4)-a-L-Fucp-
(1 > 3)-p-0-Glcp(1 — trimer repeating unit, and a trimer
branch a-p-4,6-pyruvyl-Galp-(1 — 4)-B-p-GlcAp-(1 — 3)-a-»-
Galp(1 — in the C-3 of the first fucose."® FucoPol also
contains 13—14 wt % pyruvyl, 3—5 wt % acetyl, and 2—3 wt %
succinyl in its composition.”’ The presence of glucuronic acid
as well as the acyl substituents pyruvyl and succinyl confer a
polyanionic character to the biopolymer.”’

Previous work has shown the wide potential of FucoPol
applications. First, it acts as a crystallization initiator,
successfully cryopreserving several animal cell lines by
promoting earlier ice nucleation at subzero temperatures but
reducing ice crystal dimensions to innocuous sizes.'® Second, it
has a rheological shear-thinning behavior’™® reflective of a
linearly disposed helical conformation, showing strong analogy
to antifreeze proteins,” viscoelastic properties comparable to
those of guar gum and fucogel,”' and emulsifying properties'”
that are desirable in the food industry. Lastly, it distinguishes
itself from common-use CPAs by its bio-based noncytotoxic
nature, very low osmolality, and osmotic regulation effects due
to its extracellular location and suspected cell membrane
stabilization effects.”” All of these properties reflect the acute
interest in studying the influence of carbohydrate polymer

properties were recently demon-
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Table 1. Summary of Nucleation Temperature Data for the INDe Experiment

sample mean T, (°C) median T, (°C) AT™ (°C) o (°C) N
water —11.51 —11.52 591 1.01 281
0.25% FucoPol —-11.37 —11.08 3.38 0.79 364
0.5% FucoPol -10.89 —10.89 1.95 0.33 154

systems in the supercooling behavior of water and under
isochoric thermodynamics in general.

In this work, we explore the influence of the bio-based
carbohydrate polymer FucoPol on aqueous supercooling under
isochoric conditions. We show that a fucose-rich polysacchar-
ide, with proven crystal size reduction'® and in vitro
cryoprotective properties,’” can confine the randomness of
ice nucleation to a narrow, well-defined, near-deterministic
range of nucleation temperatures. This stochasticity is one of
the most defining physical constraints in manipulating success/
failure rates in supercooled biopreservation. To the best of our
knowledge, this is the first attempt at fundamentally character-
izing high-molecular-weight polymer systems under isochoric
conditions and at subzero temperatures.

2. RESULTS

2.1. Raw Data and Reduction of Stochasticity with
the Addition of FucoPol. Isochoric nucleation detection was
performed according to the methods and protocol of Consiglio
et al."’ under a process of transient supercooling, to assess the
influence of varying FucoPol concentrations on the nucleation
temperature (T,) and behavior of pure water (experimental
details in Section ). Figure 1 shows the T, distributions for
increasing FucoPol presence (with Figure la showing all raw
data recorded and Figure 1b showing data aggregated by
FucoPol concentration), and Table 1 summarizes all temper-
ature data recorded.

While pure water nuclei form at an average —11.51 + 1.01
°C in the 5.3 mL isochoric chamber employed (identical to
that described previously'®), supplementation of FucoPol
causes a distinguishable if modest increase in the T, of water
that is correlated with concentration. In the presence of 0.25%
FucoPol, water nucleates at —11.37 + 0.79 °C and
subsequently increases to —10.89 + 0.33 °C at 0.5% FucoPol.

As compared to pure water (Figure 1, black), FucoPol
systems are observed to follow an increasingly deterministic
pattern of nucleation (Figure 1, blue and red), which is to say
that the stochastic range, i.e., the spread of nucleation
temperatures, is considerably reduced in the presence of
FucoPol. While the pure water distribution has a standard
deviation of 1.01 °C, the spread is decreased 1.3- and 3-fold for
0.25 and 0.5% FucoPol, respectively. Considering that the
system temperature monitoring has a lower detection limit of
+ 0.2 °C, ice nucleation in a 0.5% FucoPol takes on a near-
deterministic quality (6 = + 0.33) at —10.89 °C.

This statistical confinement of T, can also be interpreted as
an enhanced control over ice nucleation stochasticity, and the
range of temperature data in Table 1 more evidently shows this
change. For pure water, the difference AT between the
maximum and minimum recorded T, is 5.91 °C, while for
0.25% it is 3.38 °C and only 1.95 °C for 0.5% FucoPol. In
practical terms, a 0.5% FucoPol solution can contain the highly
random process of ice nucleation to just under a 2 °C interval,
compared to the 6 °C uncertainty of pure water. This
stochastic range can be further interpreted as a measure of
experimental safety. The smaller the range, the greater the

control over ice nucleation will be, enabling predictive
planning over which working temperature to employ in an
experimental setting to avoid rogue nucleation events that
could jeopardize the viability of preserved biological material.

2.2. Correlating Viscosity with Observed Nucleation
Characteristics. The average nucleation temperatures re-
corded for each concentration were also correlated with
polymer viscosity measurements. According to Suzuki et al.,'
the effect of molecular structure on nucleation behavior is
affected by intrinsic polymer properties, such as viscosity.
Figure 2 shows the correlation between the trending
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Figure 2. Correlation between polymer zero-shear viscosity, resulting
average nucleation temperature, and stochastic range. An increase in
concentration results in a statistically significant (p = 0.001) nonlinear
increase in water nucleation temperature, which is correlated with the
log-viscosity. Zero-shear viscosity data adapted from Torres et al.”’
are fit to a Gompertz exponential growth model (black curve).
Swarmplots of collected data points are shown along with error bars
showing the standard deviation and the average nucleation temper-
ature (white circle). Data points shown are aggregated from three
experiments for each condition. Dashed vertical lines correspond to
critical overlap concentrations of 0.09 and 0.6 wt %. The triple
asterisks (***) describe a statistically significant difference (p <
0.001) between 0.5% FucoPol and pure water nucleation temper-
atures.

nucleation temperature as a function of concentration and a
Gompertz exponential growth model for viscosity. The high
correlation between a concentration-dependent increase in T,
and the log-zero-shear viscosity of FucoPol validates the
previous results and suggests an influence of polymeric
molecular structure on ice boundary physics.

Swarmplots of nucleation temperatures were also super-
imposed on the viscosity curve. Note that the relative
stochasticity reduction associated with the addition of polymer
is always significantly larger than the relative change in average
nucleation temperature, and that the slight change in
nucleation temperature is positive (see also Table 1). This
suggests that the dominating factor affecting stochasticity is
distinct from thermodynamic freezing point depression and is
likely thus purely kinetic in nature. Future studies should
address the precise mechanisms at play, which may reveal ways
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Figure 3. Survivor plot of the unfrozen fraction of water (a) and corresponding Poisson-modeled induction time bands on a practical timescale (b).
In panel (a), reduction of stochasticity is evident from a reduced spread of temperature data, characterized by a visible horizontal flattening of the
curve. Data points from triplicate independent runs for water (N = 281), 0.25% FucoPol (N = 364), and 0.5% FucoPol (N = 154) are shown
aggregated. In panel (b), actionable insight from a realistic timescale perspective can be derived from each nucleation induction time band,
calculated from applying eq 4 to separate runs, leaving the working system temperature and solution to choice, depending on the desired

applicability.

Table 2. Optimal Poisson-Fit Parameters for a Supercooled System in the Presence of FucoPol

sample y( Ki's ) n
water 1.36 X 1071 13.0
1.04 x 10713 8.0
7.20 X 107 6.6
0.25% FucoPol 3.80 x 1073 304
247 x 107% 26.8
8.60 X 107! 18.1
0.5% FucoPol 433 X 10732 48.1
822 x 1073 34.3
6.83 x 10728 24.7

R? 7 (=5°C) 7 (—8°C)
0.942 ~6 months ~1h
0.881 >1 year ~2 weeks
0.918 >1 year >1 year

in which future polymers could be engineered to specifically
elicit this stochasticity reduction effect.

2.3. Effect of Reduced Stochasticity on Induction
times and Biopreservation Protocol Design. Ice
nucleation is a stochastic process that can be statistically
modeled by a Poisson distribution,'”** which relates the
frequency of nucleation events to the temperature and
duration of supercooling (eq 2, Section 5). The experimentally
measured survivor curves in Figure 3a (unfrozen fraction vs
temperature) correspond to the cumulative distribution
function of a nonhomogeneous Poisson process (eq 3, Section
5). By assuming a form for an empirical nucleation rate, the
survivor function may be fitted to an empirical cumulative
distribution function describing the constant cooling rate
nucleation process (eq 3, Section 5). The computed nucleation
rate parameters for water and FucoPol systems are summarized
in Table 2. The method of calculation and fitting are
summarized in Section 5 and are detailed rigorously in ref 13.

With knowledge of the nucleation rate, the mean induction
time can be computed (eq 4, Section 5). This can physically be
understood as the average time necessary for the first ice
nucleus to form and kickstart freezing of the whole system or
the time period for which the system will remain stable in the
supercooled liquid state. Figure 3b shows the induction time

for the three tested conditions. The shaded region represents
the spread of induction times for the three repeated trials.

This analysis reveals that pure water in an isochoric system is
expected to remain in a metastable supercooled state for about
6 months at —5 °C until nucleation initiates but for at most
only 5 h at —8 °C. In the presence of FucoPol, water in an
isochoric system at —8 °C may remain supercooled 2—3 orders
of magnitude longer, lasting 2 weeks with 0.25% FucoPol or
more than a year with 0.5% FucoPol without any nucleation.

The reduced stochasticity of ice nucleation when FucoPol is
present can be interpreted further. In Figure 3a, the inflections
of the survivor curves flatten out to narrower temperature
ranges with increasing polymer concentration, which implies
that statistical determinism increases and randomness
decreases. The overall aspect of the curve is preserved,
indicating that the solution still behaves according to the same
Poisson distribution, as expected.

Figure 3b shows that the calculated induction time bands for
FucoPol concentrations reveal a concentration-dependent
increase in the stabilization of the supercooled state of water.
With the gradual addition of polymer, the bands steepen,
conferring lengthier induction times at a given temperature.
Consiglio et al."’ have shown that DMSO, ethylene glycol,
glycerol, and propylene glycol also increase supercooled state
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stability, but do so principally by shifting the curves rather than
steepening the curves. At the limit of infinite steepness (i.e., a
vertical induction time curve), the system would become fully
deterministic. Thus, FucoPol can be interpreted to increase the
determinism of the system (and reduce the stochasticity) while
only mildly affecting the mean nucleation temperature.
Induction time plots like Figure 3b offer actionable insight
into the cryobiologist by acting as a tool to assess the potential
stability of a biopreservation scenario under defined conditions
of temperature, solute concentration, and duration of
preservation. For instance, if a working temperature of —7
°C is chosen, Figure 3b would indicate that an aqueous
isochoric solution would last a day without ice. However, by
the addition of 0.5% FucoPol, the preservation could be
extended to roughly half a year, by conservative estimates.

3. DISCUSSION

Recent isochoric supercooling studies by Consiglio et al."
have shown that aqueous solutions of glycerol, ethylene glycol,
DMSO, and propylene glycol have resulted in average
nucleation temperatures of —20, —20, —21, and —22 °C,
respectively, at 5 mol % (equivalent to 15.4—21.2 wt %). Most
small-molecule cryoprotectants and antifreeze proteins display
depression of both the equilibrium freezing point and the
nucleation temperature.”> However, FucoPol has consistently
shown a distinct effect, in which the nucleation temperature of
water increases (albeit mildly) with the addition of polymer.
FucoPol was selected as the model molecule for this study due
to (i) its previously demonstrated cryoprotective properties,'®
(ii) a very low osmolality-to-function ratio that reduces mass
transport and is capable of competing with antifreeze
proteins,”® (iii) a high viscosity associated with high molecular
weight,” and (iv) intrinsic biocompatibility that eliminates
cytotoxicity issues.'~ Previous work under isobaric conditions'®
has shown that FucoPol induces the occurrence of
crystallization at a higher temperature, consistent with the
results herein, and that there is a concomitant 54% reduction
of mean crystal size and a distinguishable effect on crystal
morphology. Under isochoric conditions, concentrations of
0.25 and 0.5 wt % FucoPol resulted in a slight increase of the
mean nucleation temperature to —11.37 + 0.79 and —10.89 +
0.33 °C. FucoPol is thus suggested to affect both the process of
initial nucleation and subsequent crystal growth.

The most defining aspect of FucoPol’s influence in isochoric
water nucleation, however, is the statistical confinement of
nucleation temperatures. Here, we have achieved a super-
cooled state of water that is 1.7—3 times more stable in the
presence of FucoPol, and with drastically increased nucleation
induction times that range from ca. 2 weeks to over a year at
—8 °C, compared to only 1 h for pure water (a 2—3-fold order
of magnitude increase in temporal stability). This finding has
several practical consequences, providing both a safety net to
biopreservation strategies that rely on the isothermal hold of
biological matter in a supercooled state and enabling higher
statistical confidence during protocol design.

Both this work and that of Consiglio et al.'"* confirm that
polymeric and small-molecule cryoprotectants, respectively,
contribute to supercooled state stabilization (SSS), as observed
by the shift of their corresponding induction bands toward
lower temperatures. However, the dominant manner by which
SSS occurs differs. Glycerol, DMSO, ethylene glycol, and
propylene glycol have a dominant thermodynamic influence on
the system. They significantly influence the nucleation

temperature, but its stochastic spread and induction band
slope remains comparatively unaltered.

In this work, we focused on the low polymer entanglement
regime, where FucoPol appears to have a Gompertzian
influence on the ice nucleation temperature of water. However,
any slight influence on nucleation temperature is over-
shadowed by a drastic reduction of nucleation temperature
spread and stochasticity. According to Torres et al,”’ zero-
shear viscosity varies nonlinearly with FucoPol concentration
due to increased polymer entanglement that changes its flow
behavior. These different entanglement regimes are bounded
by critical overlap concentrations. Since both studied
concentrations are within the low-entanglement regime,
situated between 0.09 and 0.6%, we can conclude that
stochasticity reduction does not arise from any structural
transformation.

These observations suggest that kinetic effects largely
outweigh any accompanying thermodynamic effects. From
the perspective of water molecules, diffusion is hindered with
increasing polymer concentration, reducing the degrees of
freedom of the system to induce nucleation in spatially distinct
regions. It is also possible that this boundary confinement of
water molecules follows a predisposed pattern, defined by the
hydrodynamic interactions of FucoPol, that originates similar
final states of spatial matter disposition, thus resulting in
limited, predictable ways for nucleation to occur. These
reductions of molecular interactivity, bond directionality, and
local entropy may all contribute to the enhanced viscosity-
dependent stochasticity control that is observed.

Proteins derived from mechanisms of selective pressure
under subzero temperature habitats, such as antifreeze proteins
(AFPs) and ice nucleating proteins (INPs), have independ-
ently shown traits of ice §rowth inhibition and promotion of
nucleation, respectively.”> The accumulated knowledge on
FucoPol now reveals that this polymer has the modulatory
capability to express both—the former hereby demonstrated,
and the latter observed before."® Moreover, the ability of
FucoPol to provide different flow dynamics due to
entanglement creates the possibility to obtain different
behavioral regimes in ice physics.

In summary, this substantially different behavior—reduced
stochasticity—is hereby highlighted, to the best of our
knowledge, for the first time in carbohydrate polymers, with
practical application in the design of supercooled biopreserva-
tion protocols. FucoPol may be employed to enhance
supercooling stability at nontoxic osmolalities, leading to
more efficient preservation methodologies.

Future studies should compare the effects on stochasticity
elicited by FucoPol to those elicited by other common
polysaccharides (for example, ficoll and dextran), high-
molecular-weight polymers and biopolymers. Future work
should also probe the degree to which the observed effects may
correlate with the isochoric conditions employed (and whether
or how these effects may change under isobaric conditions);
should independently experimentally validate the induction
times estimated by the Poisson statistical analysis employed
herein; and should probe the potential sensitivity of the
observed stochasticity reduction effects to changes in cooling
rate.

4. CONCLUSIONS

The potential of implementing polymeric additives in isochoric
biopreservation strategies is hereby presented. For the first

https://doi.org/10.1021/acsbiomaterials.2c00075
ACS Biomater. Sci. Eng. XXXX, XXX, XXX—XXX


pubs.acs.org/journal/abseba?ref=pdf
https://doi.org/10.1021/acsbiomaterials.2c00075?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Biomaterials Science & Engineering

pubs.acs.org/journal/abseba

time, a fundamental study on understanding isochoric
thermodynamics with polymeric substances was performed.
FucoPol, a bio-based, fucose-rich polysaccharide, was shown to
be a modulatory molecular additive with very low osmolality
that regulates stochasticity by confining ice nucleation to a
more deterministic range of temperatures and significantly
delaying the onset of nucleation. For the cryobiologist,
FucoPol may present a potent tool with which to manipulate
the kinetics of ice formation during supercooled biopreserva-
tion to increase the stability of supercooling and predictability
of ice nucleation behavior.

5. MATERIALS AND METHODS

5.1. FucoPol Production. FucoPol was produced by cultivation
of Enterobacter A47 (DSM 23139) in a 2 L bioreactor (BioStat B-plus,
Sartorius, Gottingen, Germany) under a fed-batch mode, using 40 g/
L glycerol (Sigma-Aldrich, Germany) as the carbon source, according
to the procedure previously described.”” FucoPol was extracted from
the cultivation broth by dia/ultrafiltration, as previously described*®
and characterized in terms of sugar monomers and acyl group
compositions, and molecular mass distribution, as previously
described.”” The sample had number (M,) and weight average
molecular (M,) weights of 1.9 X 10° Da and 3.3 x 10° (+ 0.3 x 10°
Da), respectively, with a polydispersity of 1.70.

5.2. Sample Preparation. Aqueous solutions of FucoPol were
prepared at concentrations of 0.25 and 0.5 wt % using deionized water
(type 1L, SKU S25293) as the solvent. Dissolution was performed at
room temperature with a magnetic stir bar under slow agitation, for at
least 30 min. Dissolution was considered complete when the solution
had a homogeneous beige appearance. The solution was then
degassed in a vacaum chamber (Robinair VacuMaster). Degassing
was considered complete when no surfacing air bubbles were visible.

5.3. Isochoric Nucleation Detection (INDe). 5.3.7. Setup and
Electronics. The INDe system, as designed by Consiglio et al,'? is
composed of three main components. The first component is a
Python-based control software that runs on a Raspberry Pi 4B single-
board computer (Raspberry Pi Foundation, U.K.). The next
component consists of two temperature control assemblies, each
composed of a two-stage thermoelectric module (CUI Devices
CP60H-2 Series) and a fan-cooled CPU heat sink (Cooler Master).
The last component is a thermoelectric module controlled by a PID
temperature controller (Opt Lasers, TEC-8A-24V-PID-HC-RS232),
which is composed of a full-bridge aluminum strain gauge (3147_0), a
PhidgetBridge strain gauge DAQ_(1046_0B), a thermocouple Phidget
DAQ (TMP1101_0), and a USB VINT Hub (HUB0000 0), all
purchased from Phidgets Inc. (CA).

5.3.2. Isochoric Chamber Preparation. The internal wall of the
isochoric chamber was first coated with a thin layer of petrolatum
(Vaseline, Unilever, U.K.) to avoid ice nucleation at the aluminum
surface. A small amount of petrolatum (ca. 1 mL) was inserted inside
the chamber with a stainless-steel lab spatula and heated up for about
S min using a standard heat gun. After visible melting of the
petrolatum, the chamber was inverted and slowly rotated to allow for
uniform coating of the walls and remove excess liquid. The chamber
was then left to cool at —4 °C until the chamber was at room
temperature to allow the petrolatum coating to solidify. Then, the test
sample was slowly dispensed to the lateral wall of the chamber using a
syringe carefully as to avoid insertion of undesired air bubbles or
pockets. The chamber plug was wrapped with Teflon; its bottom
surface also thinly coated with petrolatum and threaded into the
chamber until the sealing surfaces contacted each other, after which a
digital torque wrench (Yellow Jacket 60648) was used to apply a
sealing torque of 40 ft-Ibs.

5.3.3. Assay and Data Collection. After loading the sealed
isochoric chamber between the two Peltier modules and insulating
with a 3D-printed Styrofoam cap, the experiment started by holding
the system at S °C for S min. Then, a full cycle is completed which is
composed of the following: cooling at 2 °C/min until nucleation is

detected by an increase in strain gauge pressure, then fast warming to
5 °C, and hold for S min to guarantee full melting of the system.
Then, consecutive cycles were performed and the corresponding
nucleation temperatures were recorded as a time series.

5.4. Mathematical Modeling. 5.4.1. Polymer Rheology Fitting.
Zero-shear viscosity data on FucoPol (Figure 2) was adapted from
Torres et al,,*° to which a Gompertz growth model was fit, of the form

b—ct

f(t) = ae™ (1a)

where a is the asymptote as t = c0, b is the displacement along the -
axis, and c is the growth rate. The Gompertz growth model is a time
series applicable to measuring viscosity, 7, as a function of shear stress,
7, that is applied over time.””*° However, zero-shear viscosity, 77, is a
measure of intrinsic viscosity decoupled from a time constraint, thus
can be directly associated with a concentration value. Substituting
mathematical parameters with rheologically meaningful variables, the
fitting equation is as follows

c=oye
ny -l
o = nom”'[ ; ) =atf

max
"o

(1b)

where [C] is FucoPol concentration in weight percentage, a = 6201
mL g™}, b =549 x 1075 and k = 1.921 (R* = 0.998S, df = 14, RMSE
= 24.82).

5.4.2. Nucleation Rate. Ice nucleation is a stochastic process where
the number of critical size nuclei formed per unit time, the nucleation
rate, J(T), may be estimated by the following power law

J(T) = yAT" (2)

The constant cooling rate experiments presented in this study can
be modeled as a nonhomogeneous Poisson process,”* whereby the
fraction of unfrozen samples at a given temperature, y(T), can be
related to J(T) as follows

Ty n
$(T) = VB "I D) _ (r/f(T=Tm)' ™"/ 14m) (3)

where T is the temperature, T, is the equilibrium melting point, f is
the cooling rate, and y and n are empirical fitting parameters. This
relation (unfrozen fraction vs temperature) corresponds to the
survivor functions shown in Figure 3a. Here, T, = 0 °C due to a
proven noncolligative effect of FucoPol on water thermodynamics'®
and f = 2 °C/min. Table 2 shows the computed values of y and .

5.4.3. Induction Time. The estimated values for y and n are better
descriptors of the supercooling behavior compared to a single value
for the average nucleation temperature.”’ Thus, one can accurately
grasp how a thermodynamic system will behave at a defined
temperature and solute concentration by plotting induction time
graphs (Figure 3b). The mean induction time, 7, describes how long a
system will remain in a stable supercooled state before the first
supercritical ice nucleus emerges. It is inversely proportional to the
nucleation rate, J(T), as follows

= J(1)" (4)

5.5. Statistical Analysis. All data was collected as three
independent samples (different isochoric chambers) of, at least, N =
50 observations (cycles). Results are shown as mean + ¢ for normal
data and median + o for n-modal distributed data. Statistical
significance was assessed with a one-way ANOVA, with Sidak’s
multiple comparisons test. Significance is reported in Figures 1 and 2
using the NEJM p-value threshold nomenclature as follows, from
ascending order of significance: 0.12 (ns), 0.033 (*), 0.002 (**), and
<0.001 (**%*), where “ns” means not significant for a 95% confidence
interval (CI), where a = 0.05.
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