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ARTICLE INFO ABSTRACT

When a vitrified sample is heated over the glass transition temperature it may start to devitrify endangering the
sample. The ability to estimate the stability of the vitrified state can help in the development of new vitrification
media as well as handling procedures. By employing differential scanning calorimetry, we can measure the ice
crystallization rate in a vitrified sample and thus study the devitrification kinetics. Using this technique, we have
studied samples comprised of PBS with cryoprotective additives (CPA) as dimethylsulfoxide (Me,SO), ethylene
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Ethylen}ez glyc:l glycol (EG) and mixtures thereof, regarding the dependence of the devitrification kinetics on the CPA con-
Vitrification centration. We found that already small concentration changes lead to significant changes in the devitrification
Cryopreservation times. Changing the CPA concentration by 4 wt% changed the devitrification time with a factor of 342 and 271

for Me,SO and EG, respectively. Concentration changes in EG/Me>SO mixtures was found to have a smaller
impact on the devitrification kinetics compared to the pure CPA samples. Our data suggest that these significant
increases in the devitrification times are primarily due to a relation between nucleation rates and the CPA
concentration. Finally, we investigated an established vitrification medium used to preserve human embryonic
stem cells. This medium was found to have the poorest glass stability in this study and reflects the tradeoff
between stability and biocompatibility. The present work finally provides a tool to evaluate handling and storage
procedures when employing vitrification as a cryopreservation method and underlines the importance of these.

1. Introduction [23,39]. By cooling the sample sufficiently fast, ice crystallization can
be avoided. There are several methods to achieve a vitrified state and
common for these are that the sample volume is kept small and that

high concentrations of CPAs are used. Using a small sample volume or

Vitrification is an important method to preserve delicate biological
material [11,28]. The approach relies on high concentrations of cryo-

protective additives (CPA) and rapid cooling to well below the glass
transition temperature T,. The result hereof is that the sample is out of
thermodynamic equilibrium and the liquid in the sample has therefore
formed a glass. This is the main preserving feature of vitrification, since
the biological material becomes immersed in a glass that effectively
stops all biological and chemical processes. In contrast to the slow
freezing approach, the biological molecules and structures remain in an
almost natively hydrated state during vitrification, with no osmotic
imbalances and segregation effects occurring.

One definition of the vitrified state is said to be when the viscosity of
the liquid is higher than 10'2Pas [9], which happens below Te. A
sample will have to traverse a metastable region, where ice crystals
possibly can nucleate and grow, in order to reach this stable region

having a thin sample [5,7,20,21,30,38] ensures that the cooling of the
sample is not limited by the relatively low heat conductivity of water
allowing for high cooling rates throughout the sample. High con-
centrations of CPAs reduce the cooling rate that is required to reach the
vitrified state [36,39]. Very high cooling rates on the order of —10” K/s
[37] are required for vitrification of pure water, which is impossible for
volumes required for bio-specimens [42].

If a sample is heated above T, after successful vitrification, the
metastable region is entered again allowing ice crystals to nucleate and
grow. This process is called devitrification and commonly known to be
detrimental to cell viability [18,22]. Samples are conventionally stored
in the vapor phase above a liquid nitrogen reservoir. The storage micro-
environment is on occasion not well defined, controlled or monitored
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and it is possible that a sample can experience instances of elevated
temperatures above T, during its storage and handling [13]. Sample
transport, extraction of a neighboring sample or sample handling in a
cryo-workbench are instances where the sample temperature possibly
could be raised above T,. The risk of devitrification rises with higher
temperatures as well as with the period of a given temperature eleva-
tion. Recent studies have shown that high warming rates are more
important for a successful cryopreservation vitrification protocol than
high cooling rates [24,33-35]. This underlines that even short tem-
perature elevations poses a significant risk to vitrified samples and that
stable storage conditions are critical. The stability of the vitrified state
should also be considered when developing new cryopreservation
protocols or media.

Devitrification is not an instantaneous process that happens as soon
as a sample is elevated above T,, but rather a time dependent process.
Since the cooling rate required to reach the vitrified state depends
highly on the chosen CPA and its concentration [36], it can be assumed
that the time it takes for a given sample to devitrify is also dependent on
the chemical composition of the vitrification medium. Many in-
vestigations have been performed in order to reveal the mechanisms
determining the observed crystallization kinetics for different aqueous
mixtures of CPAs [4,6,16,22,25,36]. From these results, minimum
cooling and rewarming velocities can be estimated required to prevent
significant ice formation for a given sample under ideal conditions. In
this work, we focus on more application-oriented consequences of de-
vitrification kinetics with respect to real-life biobank procedures and
handling of vitrified samples. To this end PBS was used instead of ultra-
pure water as a mimic of osmotically balanced cell culture media and
the additives were used as purchased without any purification steps. We
excluded other typical cell culture additives like amino acids, proteins,
sugars and so on from the samples in this study in order to avoid in-
teractions between the compounds that may obscure the effects of
Me,SO and ethylene glycol on the devitrification tendency of the
mixtures. Additionally, the results for these essential vitrification mix-
tures are compared to those of an established vitrification medium.

The aims of this study are outlined in the following:

e to investigate the concentration dependence of some common ad-
ditives and their combination on devitrification rates

e to include an approved vitrification medium into the investigation
and compare it with the model compositions

® to establish an experimental protocol for the estimation of max-
imum exposure times for vitrified media at given temperatures
above Ty to set the base for handling procedures for vitrified samples

This work is supposed to help in the development of vitrification
media and protocols that are less prone to unwanted and unforeseen
temperature elevations and thus improve handling protocols for vi-
trified samples. Most other works in the field focus on determining the
minimal cooling/heating rate required to successfully vitrify/rewarm a
sample. In praxis yet, the highest possible cooling and heating rates are
generally employed. In contrast, we will focus on how long a given
sample can be kept safely at a given temperature in this study. The
investigation is carried out by employing differential scanning calori-
metry (DSC) on samples containing Me,SO, EG and a 50 vol%/,/50 vol%
mixture of EG/Me,SO as well as an established vitrification medium
(VS) used for the cryopreservation of human embryonic stem cells
(hESC) [5,27,31]. DSC measures the heat released by crystallization of
ice. This allows us to study the rate of isothermal ice crystallization over
time and to determine the duration of the devitrification process, since
the heat released is directly proportional to the ice crystallization rate.
The devitrification process is analyzed using the Johnson-Mehl-Avrami-
Kolmogorov (JMAK) model commonly used to analyze crystallization
kinetics [12,15,22,25,40].

27

Cryobiology 89 (2019) 26-34

2. Materials and methods
2.1. Sample preparation

First, 45 L of the given mixture was pipetted into an aluminum
sample pan (PerkinElmer, US, part no. B016-9321, 50 uL) and the
weight of the sample was recorded. The sample pan was then sealed
with an aluminum lid using a universal crimper press (PerkinElmer,
US). Along with the sample, an empty sample pan was sealed as a re-
ference for the DSC measurements. The following compounds were
used without any further purification: Me,SO (WAK-Chemie Medical
GmbH, Germany), ethylene glycol (Sigma-Aldrich Chemie GmbH,
Germany) and a 50%/50% mixture of Me,SO and EG. These com-
pounds were added to PBS (Gibco, Thermo Fischer Scientific, Germany)
in varying concentrations. We furthermore investigated an established
vitrification medium (VS) consisting of 20vol% Me,SO, 20 vol% EG
and 60 vol% hESC culture medium. The hESC medium is comprised of
Dulbecco's modified eagle medium (DMEM F12; Gibco, Thermo Fischer
Scientific, Germany), 0.1 mmol/l B-mercaptoethanol (Sigma-Aldrich
Chemie GmbH, Germany), 20% syntactical serum replacer, 2 mmol/I -
glutamine, 1% non-essential amino acids, 4 ng/ml human recombinant
bFGF, 100 U/ml penicillin, and 100 pug/ml streptomycin (all from
Invitrogen, Germany). Finally, 300 mM sucrose (Sigma-Aldrich Chemie
GmbH, Germany) was added to the medium.

2.2. DSC

In order to study devitrification kinetics isothermal DSC measure-
ments were performed. Isothermal DSC measurements were chosen
since they idealize a transient exposure to elevated temperatures best.
Isothermal measurements are limited to the temperature range that
leads to sample devitrification over a few minutes to hours for practical
reasons. This is also the time regime relevant to most biobank proce-
dures. Both the investigated sample as well as an empty reference
sample were loaded into a DSC (DSC 8500, PerkinElmer, US), that
measures the relative heat flow between the sample and reference when
exposed to a given temperature protocol. The measured heat-flow is in
comparison to the empty reference sample and a negative heat-flow
therefore signifies an exothermic process, such as a crystallization. An
example of a typical temperature protocol used for the isothermal
measurements is shown in Fig. 1. The furnaces get in contact with a
copper block that is pre-cooled to —160 °C allowing for a rapid ballistic
cooling from 20 °C to —140 °C, which is well below T,. The samples are
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Fig. 1. Sketch of a typical temperature profile for the isothermal DSC-mea-
surements. The sample is first rapidly cooled below T in order to vitrify the
sample. Before heating to the isothermal temperature the sample is kept there
for 5min in order for the system to equilibrate. The sample is then heated at
25 K/min to Tj, where it is kept while the devitrification process takes place.
The sample is finally heated to room temperature.
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Fig. 2. a) A typical measurement of heat-flow at Tj;,. The measurement shown is for the 49 wt% EG/Me,SO mixture at —100 °C. Only 1 in 500 data points is shown.
The heat-flow Q(t) is also converted to the fraction X(t) that has crystallized. The JMAK model has been fitted to X(t) in order to extract a crystallization constant of
0.067min "', The value for tos is marked as a square. b) Arrhenius fit of crystallization constants determined for the 49 wt% EG/Me,SO mixture. The Arrhenius fit
revealed an E4 of 57.8 + 0.7 kJ/mol and a In(Ky/min~ %) of 37.5 + 0.5. The star marks the crystallization constant found in (a).
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Fig. 3. a) T-sweep DSC measurements of mixtures containing Me,SO at increasing concentrations. The heating-rate was 10 K/min. Herein the glass transition
temperatures (triangles) and crystallization points (circles) are determined. b) Calculated devitrification times tos based on measurement of the crystallization
constant (lines) and measured values for tgs (squares). Glass transition temperatures (triangles) and crystallization temperatures (circles) at 10 K/min heating are also
shown at the calculated tos-lines.
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Fig. 4. a) T-sweep DSC measurements of mixtures containing EG at increasing concentrations. The heating-rate was 10 K/min. Herein the glass transition tem-
peratures (triangles) and crystallization points (circles) are determined. b) Calculated devitrification times tos based on measurement of the crystallization constant
(lines) and measured values for to5 (squares). Glass transition temperatures (triangles) and crystallization temperatures (circles) at 10 K/min heating are also shown
at the calculated tos-lines. The data in brackets (52% T-sweep and tgs5-plot) seem to be unsound due to a calibration error (see text).
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Fig. 5. a) T-sweep DSC measurements of samples containing EG/Me,SO mixture at increasing concentrations and of the VS medium. The heating-rate was 10 K/min.
Herein the glass transition temperatures (triangles) and crystallization points (circles) are determined. b) Calculated devitrification times to5 based on measurement
of the crystallization constant (lines) and measured values for tos (squares). Glass transition temperatures (triangles) and crystallization temperatures (circles) at
10 K/min heating are also shown at the calculated tgs-lines. The data in brackets (48% T-sweep and tgs-plot) seem to be unsound due to a calibration error (see text).

kept at —140°C for 5min before being heated at 25K/min to the
temperature that is being investigated, T;,. The sample is kept at this
temperature for a varying period in order for the devitrification process
to complete. Finally, the sample is again heated to 20 °C before a new
measurement is performed on the same sample but at different Tj,. The
range of T, was determined by first performing a T-sweep scan with an
unbroken heating of 10 K/min from —140 °C to 20 °C. Here a practical
upper limit for Tj, can be determined since ice will start to crystallize at
a given temperature. Measuring above this temperature will lead to
devitrification times too short for proper analysis. In practice, a tem-
perature range of approximately 10-15K below the upper limit was
feasible. When T, is too far from the upper limit, the crystallization
process is stretched out over a very long period. So the heat flow curve
flattens and becomes prone to noise and drift. The glass transition
temperatures (triangles in Figs. 3a—5a) were graphically determined as
50%-rise-temperature and the crystallization points (circles in
Figs. 3a-5a) were determined at the onset by graphical extrapolation.

2.3. Johnson-Mehl-Avrami-Kolmogorov (JMAK) model

The JMAK model describes crystallization phase transition kinetics
in supercooled melts and glasses [1-3,17,19]. The fraction of ice X
crystallized at time t under isothermal conditions can be described ac-
cording to Ref. [40].

m
t

t
X)) =1- exp —Aflv fudt dar
AN ¢))
Here I, and u describes the ice nucleation and radial ice crystal
growth rate, respectively. m depends on the dimensionality of the
crystallization. Time-independent constants are collected in A. At the

temperature T this can be rewritten to

X(1) =1 — exp(=(K(T))") (2)

under the assumption that u and I, are constant. Here K(T) is a crys-
tallization constant and n is related to m. We assume a 3D ice crystal
growth and zero nucleation rate at the isothermal hold temperature
[14]. This leads to exponents n = m = 3 for interface controlled growth
and n = m = 3/2 for diffusion controlled growth [15]. Fits of our ex-
perimental data with variable n yields exponents closely around 3. The
average exponent over all data is n = 3.07 *+ 0.57 Hence we used n
fixed to 3 to treat all experimental data consistently. The crystallization
constant K(T) exhibits an Arrhenian temperature dependence over the
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observed temperature range:

K(T) = Koexp(—&)

RT 3

with E,4 being the activation energy for the devitrification process. K is
a hypothetical constant describing the crystallization constant at in-
finite temperature, Ky, = K(=). We define t, as the time it takes for the
fraction X of the devitrification process to occur:

In(1 — X)t"

5(T) = K (T)

C)

We will arbitrarily use to5 as a measure for the devitrification
duration:

In(0.05)!/"
tos(T) = SLUCLDES
K(T) %)
During the crystallization process, we can assume that
PO o abs((), ©

where Q(t) is the measured heat-flow. This means that we can estimate
X(t) by calculating the sum

X = Lﬁ:g o)
et

We define t,,q as the time where the devitrification process has
completed and Q(t) = 0 mW. An example of a devitrification process is
shown in Fig. 2a for a 49 wt% EG/Me,SO mixture at —100 °C. Here
both Q(t) (black circles) and the calculated X(t) (red circles) are shown.
The crystallized fraction X(t) data were fitted using the JMAK model to
obtain the crystallization constant. The respective value for tos is in-
dicated as a square. We performed this at multiple temperatures, so that
E,4 and K, can be determined for this mixture as shown in Fig. 2b. The
Arrhenius equation was transformed to a linear relation to ensure a
robust fitting procedure. The crystallization constant determined in
Fig. 2a is indicated with a star.

)

3. Results

We investigated three different mixtures consisting of Me,SO, EG
and EG/Me,SO at varying concentrations as well as the vitrification
medium VS. For each chemical composition at first a temperature
sweep (T-sweep) DSC-measurement was performed to determine a
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practical upper limit of the measurement, with subsequent isothermal
measurements at three to seven different temperatures in order to de-
termine K(T).

The results for the Me,SO mixtures are shown in Fig. 3. Five con-
centrations of Me,SO in PBS were investigated: 43 wt%, 44 wt%, 45 wt
%, 46 wt% and 47 wt%. Fig. 3a shows the T-sweep measurements
where T, (triangles) and crystallization temperature (circles) (at 10K/
min heating) have been graphically ascertained. We first of all observed
that T, increases only slightly from —132.5°C to —131.1 °C when in-
creasing the Me,SO concentration from 43 wt% to 47 wt%, which was
expected [26]. With increasing concentration the crystallization tem-
perature increases dramatically, which is expected since higher con-
centrations of Me,SO are known to more easily form a glass [36]. It
should be noted that for the 47 wt% measurement the crystallization
peak and melting peak seem to overlap which in turn results in a
skewed crystallization peak and therefore a lower estimated crystal-
lization temperature compared to the 46 wt% measurement. The crys-
tallization peak is here stretched out and has a lower maximum value.
The heating rate of 10 K/min was however kept so that all samples were
treated equally. The melting temperature is seen to decrease with
Me,SO concentration as expected from the Me,SO-H,O phase diagram
[29].

For each concentration a series of varying isothermal temperatures
were performed yielding E4 and K,. From this, to; was calculated as a
function of temperature and shown in Fig. 3b along with measured
values for tos (squares). If devitrification times for alternate crystalized
fractions tx were plotted, all curves would just be shifted vertically. The
glass transition temperature (triangles) and crystallization temperature
(circles) are also marked for each composition at their respective cal-
culated tgs-curve. The devitrification kinetics have a strong dependence
on the Me,SO concentration. The higher the Me,SO concentration the
longer it takes the glass to devitrify at the same temperature and is thus
a more stable glass. For a concentration of 43 wt% Me,SO it takes 1h
for the glass to devitrify at approximately —125 °C. For a mixture with
47 wt% Me,SO this first happen at approximately —92°C. This is a
significant temperature range and a 47 wt% Me,SO mixture is hence
dramatically less sensitive to slight temperature elevations above T,.

The T-sweep DSC-measurements for the EG-mixtures are shown in
Fig. 4a. Here we investigated the following concentrations: 50 wt%,
51 wt%, 52 wt%, 53 wt% and 54 wt%. Even though EG has a higher
eutectic temperature compared to Me,SO [8] we still see an overlap
between the crystallization and melting peak for the mixtures con-
taining more than 53 wt% EG. This results in the same skewing of the
crystallization peak as with Me,SO. In post-processing of our data we
noticed that the peak temperature of melting of the 52 wt% sample
seem to be lower than expected compared to the other samples. Pre-
sumably, an error occurred in the experimental procedure for this
particular sample that lead to a mismatch in the temperature scale. We
will later discuss the consequences of mismatch in the temperature
scale and have therefore kept the data in the figures.

The calculated tg5-curves based on K(T) are shown in Fig. 4b along
with the measured tgs-data points. Here we see the same trends as with
Me,SO, i.e. a strong dependence of devitrification times on EG con-
centration. A devitrification time of 1h spans a temperature range of
—110°C to —80°C for the investigated EG concentrations. The mea-
surements done on the 52 wt% EG sample does however have a sig-
nificantly different slope compared to the other EG-concentrations. All
measurements for 52 wt% EG are performed on a single sample and
seem consistent over the measured temperature range. We can exclude
errors in the mixture preparation, since this would effectively shift the
curve towards either the 51 wt% or 53 wt% curve but maintaining the
correct slope. We instead believe that the nucleation of this particular
sample in some fashion has been impacted increasing the temperature
sensitivity or that some error has occurred in the experimental proce-
dure as previously mentioned.

Fig. 5 contains the measurements of the 50%/50% EG/Me,SO
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mixtures as well as for the VS medium. We investigated the following
concentrations of the EG/Me,SO mixtures: 47 wt%, 48 wt%, 49 wt%
and 50 wt%. The T-sweep measurements are shown in Fig. 5a. As with
the other investigated mixtures the crystallization point of the EG/
Me,SO mixture is seen to increase with concentration. The increase
does however seem to be less dependent on CPA concentration as
compared to the pure Me,SO and EG mixtures. Here a concentration
change of 3wt% results in a crystallization temperature change of
about 20K compared to 25-30K for the pure compounds. Again an
overlap between the crystallization and melting peak is observed for the
highest concentration investigated (50 wt%). The VS medium is found
to have a slightly lower crystallization temperature of —104 °C com-
pared to —99 °C of 47 wt% EG/Me,SO. This should be seen in the light
of VS only containing 38.5 wt% EG/Me,SO. If the sample would not
contain sucrose we would have expected a crystallization temperature
significantly lower than that of 47 wt% EG/Me,SO. We also observed
that T, of the VS medium is slightly higher (T, = —129 °C) than for the
EG/Me,SO mixtures (T, = —131°C).

Fig. 5b contains the calculated (line) and measured values (squares)
for tgs. Here we find that the temperature required for an 1h devi-
trification time spans from approximately —115°C to —95°C for the
measured concentrations of the EG/Me,SO mixture. This is a slightly
shorter range than for the pure Me,SO and EG mixtures. This also holds
true when taking into account that for this mixture a concentration
range over only 3 wt% was investigated compared to the 4 wt% range of
the other mixtures. We furthermore observe that the measurements of
the 48 wt% EG/Me,SO mixture does not align with the other con-
centrations. This deviation could be attributed the measurement per-
formed at —112°C where the measured tos seems to be an outlier. In
effect this reduces K(-112°C) and therefore also E, for this particular
mixture. We did however also observe that the melting peak in the T-
sweep is located at a higher temperature than the neighboring sample,
which could be an indication of an error in the experimental procedure
comparable to that of the 52 wt% EG sample. Finally we observe that
the VS medium seem to devitrify faster than the other EG/Me,SO
mixtures, which was expected due to the lower content of EG and
Me,SO. The decrease in devitrification times are however small when
compared to the 47 wt% EG/Me,SO mixture, due to the additional
content of sucrose in this medium.

Table 1 contains values for E4, Ky and to5(-100 °C) yielded by the
JMAK model for the isothermal DSC measurements. It was previously
mentioned that the measurements for the 52 wt% EG and 48 wt% EG/
Me,SO mixtures deviate from the other measurements and seem to be
erroneous. The 48 wt% EG/Me,SO has also the highest standard de-
viation of the EG/Me,SO mixtures, which is an effect of the erroneous K
(-112°C) measurement. The values for t95(-100 °C) shows that already
small concentration changes have a profound impact on the devi-
trification kinetics. Finally, we have estimated the amount of water
crystallized in a given sample (as the percentage of absolute sample
weight Quzo) by integrating the crystallization peak in the T-Sweep
DSC measurement. It is safe to assume that we only see water crystal-
lizing in our experiments since we did not see eutectic melting in any of
the DSC measurements, which would have shown up as an endothermic
peak at the eutectic temperature (around —70 °C for Me,SO and around
—50 °C for EG). We have used the heat of fusion for pure water (and
ideal mixtures) AHp = 334 J/g to simplify matters. Certainly, aqueous
mixtures of Me,SO, EG and electrolytes are far from being ideal and
excess mixing heat will vary AHy of our samples to a certain extent.
From here, an absolute increase in the CPA concentration in the non-
crystallized fraction of the sample can be roughly calculated:

A[CPA] = [CPA]ena — [CPA]o

We found that the CPA concentration during devitrification in-
creased between 3 wt% and 7 wt% depending on the sample composi-
tion. For the VS medium the absolute increase for both the EG/Me,SO
and sucrose has been calculated.
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The E, and K, for the investigated mixtures yielded from the isothermal measurements. The calculated to5(-100 °C) are also shown. From the T-Sweep measurements
we have estimated the amount of crystallized H,O (Qp20) and calculated the absolute increase of CPA-concentration (A[CPA], as the fraction of the total sample
weight). For the VS medium A[CPA] gives the increase in EG/Me,SO and sucrose, respectively.

Concentration Ea/kJ mol ! In(Ko,/min 1)
43 wt% Me,SO 388 =+ 1.4 27.6 = 1.1
44 wt% Me,SO 41.8 = 4.6 28.7 = 35
45 wt% Me,SO 546 = 7.1 36.5 £ 5.2
46 wt% Me,SO 499 + 0.9 30.1 = 0.6
47 wt% Me,SO 52.1 £ 9.2 31.0 £ 6.0
50 wt% EG 59.9 + 6.9 40.4 = 5.0
51 wt% EG 51.6 + 2.4 323 £ 1.6
[52 wt% EG] [64.2 = 1.1] [39.7 = 0.7]
53 wt% EG 441 = 15 246 = 1.0
54 wt% EG 46.1 + 59 25.2 + 3.7
47 wt% EG/Me,SO 55.9 + 39 38.5 = 3.0
[48 wt% EG/Me,SO] [42.0 = 7.9] [26.9 = 5.7]
49 wt% EG/Me,SO 57.9 + 0.7 375 = 0.5
50 wt% EG/Me,SO 49.7 £ 19 29.6 + 1.3
VS medium 543 = 2.4 38.4 =+ 1.8

to5(-100 °C)/min Qri20/Wt% A[CPA]/wt%
0.77 7.0 3.2
1.92 7.4 3.5
6.13 6.6 3.5
136.0 NA NA
263.4 NA NA
5.00 10.0 5.5
48.80 12.0 6.9
[188.4] [NA] [NA]
620.6 NA NA
1352.7 NA NA
1.88 10.2 5.3
[13.99] 9.7 [5.1]
21.78 NA NA
186.1 NA NA
0.73 7.8 3.3/0.7

4. Discussion

The JMAK model seems to be appropriate to describe our data. An
example hereof is the fit of the model in Fig. 2 as well as the Arrhenius
dependence of the crystallization constant. By applying the JMAK
model on such DSC measurements it is possible to compare different
vitrification media and determine its sensitivity to temperature eleva-
tions above T, According to Ref. [17], a deviation from the symme-
trical, sigmoidal shape of equation (2) only occurs, if the product
Iy x u® (which is implied in K) is not constant during the devitrification
process. Since we find our data to agree with equation (2), either
changes of Iy and u® compensate each other for all compositions and
temperatures (very unlikely) or both Iy, and u® do not change noticeably
during isothermal devitrification. Due to u being cubed, this kind of
examination is much more sensitive to changes in growth rate u than it
is in nucleation rate Iy. During devitrification, water will crystallize in
the sample. Hence the overall CPA concentration in the non-crystallized
part of the sample increases, which in turn will increase the viscosity of
the non-crystalized fraction [32,41] and decrease the concentration of
available H,O for further crystal growth. Since the JMAK model fits our
data we can deduce that the dependence of CPA-concentration on the
ice crystal growth u is negligible compared to its dependence on tem-
perature. The JMAK model assumes that u remains constant during
devitrification. If u changes during the devitrification due to a CPA
content increase, a slowdown of ice crystallization will occur and the
process will noticeably deviate from the JMAK model [17]. The in-
crease in CPA concentration in the non-crystalized fraction during de-
vitrification is comparable to or even bigger than the range of initial
CPA concentrations investigated. We however observed that the initial
CPA concentration has a significant impact on devitrification rate.
Combining this observation with the independence of crystal growth
rate on CPA concentration in the non-crystalized fraction, we can
conclude that the strong dependence of the devitrification times on
initial CPA concentration is the mainly caused by an alteration of the
nucleation rate.

For Me,SO it is safe to assume that the nucleation rate is zero at
temperatures above —104 °C according to Refs. [14,15]. But the data
obtained at lower isothermal hold temperatures down to —120 °C agree
with an exponent n = 3, too, which is consistent to a growth-dominated
devitrification. A significant peak of the nucleation rate in aqueous
Me,SO solutions was found closely around the glass transition at about
—130°C [14], that rapidly declines with temperature. Hence, the
temperature dependence observed in the devitrification kinetics above
—120 °C predominantly originates from the ice crystal growth rate. The
nucleation rate in the sample is similarly only dependent on the initial
CPA concentration. Here the nuclei present are either heterogeneously
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formed or are conserved nuclei formed homogeneously during the
cooling, thermal hold and subsequent heating to the isothermal ob-
servation temperature in accordance to the study by Hey et al. [14]. For
EG and EG/Me,SO mixtures there is no information from literature
about the nucleation rate and it is possible that ice nuclei form during
the devitrification process. The shape of the devitrification curve will
remain the same even if the number of nuclei is changing at a constant
rate [17]. However, the exponent n being close to 3 indicates a growth-
dominated devitrification for these two mixtures, too. We therefore
cannot distinguish between a temperature dependence due to crystal
growth rate or due to nucleation rate here. For these two types of
mixtures, we can however still conclude that the initial CPA con-
centration is influencing primarily the nucleation part of the devi-
trification.

We have argued that the change in crystal growth rate upon changes
in CPA concentration of the non-crystallized fraction during devi-
trification is negligible, which is in line with an earlier study that used
transmission microscopy to show constant ice crystal growth rates
within a short time frame (< 1 min) for a 45 wt% Me,SO mixture [16].
Since devitrification not only concentrates solutes in the non-crystal-
lized fraction, but also forms water concentration gradients above the
ice surface due to the inclusion of water into the crystal lattice, viscosity
and diffusivity of the non-crystalized fraction should vary during the
devitrification process. The almost constant crystal growth hence in-
dicates that the devitrification kinetics are predominantly interface
controlled as opposed to diffusion controlled. This is supported by
JMAK fits with variable n that yields a mean n = 3.07 = 0.57 across all
measurements. For diffusion-controlled kinetics we would expect n
close to 3/2.

Let us now consider the investigations on Me,SO and EG. Lower
concentrations of Me,SO are required to obtain the same to5(T) when
compared to EG, which was expected since Me,SO is a stronger glass
former [4,26] and strong glass formers are less likely to devitrify. An-
other point where we can compare Me,SO to EG is their sensitivity to
changes in initial CPA-concentration. When changing the initial Me,SO
concentration by 4wt% the to5(-100 °C) changes by a factor of 342
compared to a factor of 271 for EG. This means that the devitrification
stability depends stronger on CPA-concentration for Me,SO solutions
than for EG solutions. This is not necessary to the detriment of the
usability of Me,SO, since a higher sensitivity allow for an easier ma-
nipulation of the physical properties of a vitrification medium. Me,SO
is thus the better choice as a CPA compared to EG when only taking the
stability of the vitrified state into consideration. Other aspects such as
cytotoxicity have to be considered, too, in the development of new
cryopreservation media. Extended periods of high Me,SO exposure are
unwanted due to cytotoxicity. In this aspect higher sensitivity to initial
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concentration is a good characteristic since it allows for a stronger
manipulation with only low impact on the cytotoxicity. Our data show
that even small increases in initial CPA concentration significantly in-
crease the stability of the vitrified state.

The concentrations of EG/Me,SO required to obtain comparable
devitrification times as observed for pure Me,SO and EG samples are in-
between those of the Me,SO and EG samples, which was to be expected
taking the composition of the mixture into account. A surprising finding
was that the concentration dependence was lower than that of both
pure Me,SO and EG solutions. A change by 3 wt% was found to change
to5(-100 °C) by a factor of 99, compared to 177 and 124 for pure Me,SO
and EG respectively. This lower sensitivity here is attributed to both EG
and Me,SO concentrations being far away from compositions where
hydrates of the CPAs can form (at molar ratios of 1:2 and 1:3 for Me,SO,
1:1 for EG).

A comparison of the concentration dependency of the parameters E4
and K, for Me,SO and EG (see Table 1) shows converse tendencies: For
Me,SO we find increasing E4 and declining K, on ascending CPA con-
centration, while for EG the situation is opposed. The absolute value of
E, = 54,6 kJ/mol for 45% Me,SO in this work is about 60% higher than
the corresponding values given in the work of Hey et al. [15]. We at-
tribute this deviation to the different composition of the samples.
Whereas Hey et al. use distilled water in their mixtures, we investigated
mixtures with phosphate-buffered saline (PBS). This cell culture pro-
duct contains about 155 mM NaCl and a total of 3 mM phosphates (in
different protonation levels). Solvated electrolytes disturb the mole-
cular order of water significantly and may have serious effects on the
growth rate of ice crystals.

The VS medium has the shortest devitrification times of all the in-
vestigated mixtures (Fig. 5), which can be attributed to the relatively
low CPA concentrations. The medium is hence comparably unstable
above T, and even short temperature elevations can prove detrimental
to the sample. This raises the question of why such media are employed
in state of the art cryopreservation protocols. The answer is that the
obstacle of successfully persevering very sensitive cell types as well lies
in the biocompatibility of the preservation medium and not only in the
ability to rapidly cool and rewarm a sample. For the VS medium Me,SO
and EG are partly replaced by sucrose to maintain the glass forming
tendency of the medium while reducing the cytotoxic effects of Me,SO
and EG. This poses a tradeoff between stability of the vitrified state and
lower cytotoxic effects. When the cooling and rewarming processes are
thoroughly optimized, any further improvements of the cryopreserva-
tion process would have to originate from medium optimizations. This
requires good standards in terms of cooling, handling and rewarming
protocols to ensure that unwanted devitrification is avoided.

The data presented in this work mirrors the requirements of the
cooling/heating rate for a successful vitrification and subsequent re-
warming. A mixture with higher CPA concentration is less sensitive to
temperature elevations above T, and it is thus more unlikely that de-
vitrification will occur. This also holds true during the initial vitrifica-
tion and final rewarming of the sample, and a lower cooling/heating
rate can be employed to achieve a successful preservation through vi-
trification. This means that a mixture with a slightly higher CPA con-
centration does not only pose less requirements to the vitrification and
rewarming process, it is also more insensitive to temperature elevations
above T,

Concerning the practical use of the described experimental protocol
it is very appealing that two medium-specific measures (K, and E,)
allow to calculate maximum exposure times for a given temperature in
an easy manner instead of extracting them from a time-temperature-
transition (TTT) chart (that would yet have to be set up for each
medium composition). In fact, the stability plots (Figs. 3b-5b) are
comparable to sections of TTT-charts with interchanged axes. The ex-
trapolation of the devitrification times tx towards T, and towards the
melting temperature is not strictly valid, since one cannot assume a
stringent Arrhenian behavior over wide temperature ranges. The
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devitrification rate reflects several temperature-dependent properties of
the supercooled liquid, including viscosity and homogeneous nuclea-
tion tendency. For Me,SO the homogeneous nucleation rate was found
to have a narrow maximum around T, [14,39], a clearly non-Arrhenian
behavior. The viscosity of glass-forming liquids behaves Arrhenian only
apart from T, and over limited temperature ranges. It is often described
by the Vogel-Fulcher-Tammann (VFT) model instead of the Arrhenius
equation [39]. The VFT model uses the difference to a material-specific
temperature (mostly close to T,) as variable, not the absolute tem-
perature. However, the results will still be very useful approximations
in the temperature and time regimes of biobank sample handling.

Unlike the idealized isothermal conditions assumed in our experi-
ment, exposing a sample to an atmosphere of elevated temperature will
lead to slow sample heating until the ambient temperature is attained.
The calculated maximum exposure times will therefore always be
worst-case-scenario values.

The execution of the measurement of this protocol might be slightly
more time-consuming compared to non-isothermal techniques, but easy
to conduct, easy to analyze and without assumptions required for non-
isothermal data analysis [12,15]. How experimental errors influence
the outcome can be nicely seen at the 52% EG medium and the 48%
EG/Me,SO medium. Here, implausible slopes of the stability function
coincide with conspicuous deviations of the T-sweep curves. Most
likely, the experimental parameters (e.g. purge gas flow in the DSC)
were off the values used in the temperature calibration. We do however
see that the measured to5; values are within the expected range com-
pared to the other measurements. That means that we can still use these
measurements to estimate the glass stability of the given samples. In
these cases, it is however not recommendable to extensively extrapolate
the results beyond the measured temperature range.

Beyond the assessment of medium stability against devitrification
for proper sample handling, the investigated dependence of K, and E4
on CPA concentration is very useful. Knowing such trends for different
CPA and their combinations can help in the trade-off between devi-
trification stability and specimen toxicity in the composition of new
vitrification media.

4.1. A general protocol for determination of Ko, E4 and their use

In order to enable researchers without a background in thermo-
dynamics and chemical kinetics to conduct a determination of the ice
formation activation energy E4 and the medium-specific constant K, for
the assessment of critical times at elevated temperatures in sample
handling, we present a protocol including the essential steps. It is
written in a general way, so the protocol may be implemented on DSC
instruments of different manufacturers as well as using different data
analysis tools. One could even think of yielding the crystallization ki-
netics data using unorthodox experimental setups like Raman spectro-
scopy [10] (In contrast to DSC, where Q(t) is recorded, Raman spec-
troscopy probes X(t) directly).

1) Identification of an appropriate sample volume: In order to use the
available heat scale of your DSC, put some ten UL pure water into a
sample pan and perform a T-sweep with dT/dt = —10 K/min
against an empty pan. Adjust the sample volume in a way that the
exothermic crystallization peak just matches the maximum heat
scale of your instrument. At identical sample volume, all aqueous
mixtures will show smaller exothermic amplitudes. If you like to
determine the equilibrium melting temperatures of your mixtures,
too, you need to carry out a heating T-sweep scan of the chosen
volume of pure water at +10 K/min. This will yield the required
slope for graphical analysis.

2) Identification of the useful temperature range for isothermal ex-
periments: This has to be performed for each medium composition.
Fill in the volume determined under (1) into a sample pan. Load
your DSC with your sample pan and an empty pan as reference.
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Vitrify your sample by ballistic cooling (uncontrolled as-fast-as-
possible cooling) down to —140°C or lower. Perform a T-sweep
scan from —140°C up to 20°CatdT/dt = +10 K/min. If your
vitrification was successful, your DSC-scan will show (a) a glass
transition around —130 °C, (b) an exothermic devitrification peak
between the glass transition and the eutectic and (c) a broad en-
dothermic melting process starting at the eutectic up to the mix-
tures melting temperature. The upper temperature limit for iso-
thermal scans is the onset temperature of devitrification (by
graphical analysis: at the intersection of the extrapolated baseline
and the tangent to the low temperature inflection point of the de-
vitrification peak). Start you isothermal scans at that temperature
and step down —3 K for the next one. These are your isothermal
scan temperatures T, Repeat this until the exothermic devi-
trification peaks are too stretched-out for a proper data fitting
(approximately —10K to —15 K below your upper limit). If you do
not observe a glass transition and a devitrification, vitrification was
unsuccessful. If you observe a glass transition, but neither devi-
trification nor melting, your medium is extraordinarily stable
against devitrification. We observed such behavior only for mix-
tures with water content much lower than 50%, which is assum-
ably too low for vital specimens.

3) Isothermal scans: Proceed with the sample from (2) at a time.
Vitrify the sample by ballistic cooling down to —140 °C again and
hold them at —140°C for 5min. Heat your sample to the iso-
thermal scan temperature Ty, at +25 K/min. Now keep the tem-
perature constant and record the heat flux Q(t) until the devi-
trification has completed. Heat your sample to room temperature
and repeat the experiment with the next lower Ti,.

4) Import the heat flux data Q(t) of your isothermal scans into a data
analysis software, subtract any background and convert them to
crystalized fraction data X(t) using equation (7) (If your data comes
from Raman spectroscopy or other techniques that directly probe
the crystallized fraction X(t), just subtract the background and
normalize the data).

5) Now let the data analysis software fit equation (2) to your crys-
talized fraction data X(t). Set the exponent n to 3 (fixed). This will
yield the crystallization constant K(T) for a given temperature (and
mixture).

6) Next, plot the logarithm of your crystallization constants In/K(T)]
against the reciprocal temperature 1/T (in Kelvin) in an Arrhenius
chart. A linear fit to the plot will yield you the activation energy E4
as the slope -E4/R and the specific constant K, as the ordinate in-
tercept InK.

7) Having E, and K allows you to assess K(T) over a wide tempera-
ture range from the glass transition to the eutectic by the Arrhenian
equation (3). Using K(T) in equation (4) (with the exponent fixed
to n = 3) leads to the time it takes for the crystallization of a given
fraction X at elevated temperature. Please note, that the crystal-
lized fraction refers to the maximum amount of water that crys-
tallizes in a devitrification process under the given conditions (see
Table 1), not to the total amount of water in the sample.

8) Some remarks on the application: If you accept a certain crystal-
lized fraction X of your sample to be safe, remember that devi-
trification is irreversible. Next time you elevate the temperature of
your sample above the glass transition temperature, devitrification
will not start at X = 0, but proceed from the fraction X, that was
crystallized before.

9) The calculated crystallization times are worst-case scenarios. In
daily life sample handling, you will expose your samples to an at-
mosphere of elevated temperature for a limited time. The payload
of your sample container will yet heat up much slower, since the
heat transfer from the gas phase to a condensed sample is low.

10) You may now include the calculated crystallization times into your
sample handling protocols in order to avoid harmful temperature
exposure (in terms of maximum exposure duration and iterations).
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5. Conclusion

We have here studied the devitrification kinetics of common CPAs
using DSC and investigated the effect of changing the CPA concentra-
tion. We found that slight changes in CPA concentration have a sig-
nificant impact on the devitrification kinetics. The devitrification ki-
netics have successfully been modelled by the JMAK model, which
allows to predict the devitrification kinetics in the proximity of the
investigated temperature range. We found that Me,SO are more sensi-
tive to changes in concentration compared to EG.

We have shown that using too low CPA concentrations in a vi-
trification medium makes a sample very sensitive to slight temperature
elevations above Ty. It is however possible to increase the stability of
the sample, where small increases in CPA concentrations can make the
samples about 100-fold more robust against devitrification. Stability of
the vitrified state could be included in the development of new cryo-
preservation protocols, since only small changes in CPA concentrations
are required for a significant effect.

The method proved to be an easy to conduct protocol to yield two
medium-specific values, K, and E,4, which allow calculating maximum
exposure times for the given medium at relevant temperatures.
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