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In this work, the phase behavior of cryoprotective mixtures based on dimethyl sulfoxide (DMSO) mixed with
a lipid bilayer consisting of dimyristoyl phosphatidylcholine (DMPC) was studied. This system represented
a model of a biological cell and its membrane. The aim of the work was to clarify the origin of the
cryoprotective action of low-concentrated mixtures (1-10 vol%) DMSO in water, representing mixtures
used in cryopreservation in cell therapy. The combination of experimental techniques of differential
scanning calorimetry (DSC) and positron annihilation lifetime spectroscopy (PALS) allowed a study of
crystallization behavior of water confined in liposomes imitating the intracellular environment. The ability
of liposomes to show the fundamental aspects of water phase behavior seen during freezing of
biological cells was proved. The presence of an amorphous freeze-concentrated phase of DMSO in the
frozen state was confirmed and its possible crystallization into the DMSO trihydrate and ice during
thawing was demonstrated. Correlation between the critical temperature range for the loss of cell
viability during slow thawing and the temperatures of freeze-concentrated phase crystallization was
found. Based on this finding, possible mechanisms of DMSO cryoprotection are discussed with support
brought by results for the studied model system. Quantification of the ice phase fraction in the frozen
mixtures revealed that even low concentrations of DMSO can induce a considerable decrease in the
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Introduction

Cryopreservation of cells allows a long-term storage without
arisk of degradation since low temperatures practically stop the
biochemical processes occurring in the cells.* Cryopreservation
has a wide application in medicine and research - applied or
fundamental.> There are several stresses acting on cells during
freezing or thawing, mainly ice crystallization, cell dehydration,
increased salt concentrations or ice recrystallization by which
integrity of biological membranes or macromolecular
complexes is threatened.’® In the 1950s, it was found that after
addition of dimethyl sulfoxide (DMSO) into a cell freezing
medium, cell post-thaw viability increased.” Currently, there are
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several successful slow cooling protocols (1-5 K min~") being
used in cryopreservation of cells with therapeutic application,
typically containing 5 to 10 vol% DMSO in the cell medium.?
Some studies report even lower concentrations of DMSO
successfully applied in cryopreservation of cell therapy products
- 2.2 vol%® or 2.5 vol%." Cell post-thaw viability depends on
cryoprotectant concentration,™ with a higher amount of DMSO
securing higher cell viability, but on the other hand introducing
its own toxicity regarding specialized cellular functions or
toxicity for the human body when cells are applied to a patient
during cell therapy."** Thus, an optimization of cryopreserva-
tion protocols is needed.

Hypothesized mechanisms of cryoprotective action are often
ascribed to the ability of DMSO to colligatively reduce the ice
formation, cell dehydration, salt concentration® or increase the
membrane stability against these stresses,"* but complete
understanding of this action at molecular level is still missing.
Stresses during freezing or thawing of cells relate to water phase
transitions. Water can exist in either crystalline or amorphous
form, while the latter is thought to be harmless regarding cell
survival. On the other hand, intracellular ice crystallization is
thought to cause cryoinjury leading to the loss of cell
viability.">” DMSO can form an amorphous fraction in the
freezing mixture with water, which allows intracellular vitrifi-
cation.'®" It was shown that this amorphous fraction consisting
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of freeze-concentrated DMSO is metastable and can crystallize
during slow thawing, threatening cell viability.*®

In this work, the solidification and melting processes of
water-DMSO mixtures containing liposomes were studied.
Liposomes are supramolecular aggregates of lipid molecules
aligned into a lipid bilayer. Lipid bilayer represents the struc-
tural basis of biological membranes. Integrity of plasma
membrane or other internal membranes is critical for cell
survival and function. Liposomes are closed structures
confining water, which can serve as a model of intracellular
water. Liposomes serve as model systems of a biological cell and
its membrane. Knowledge of physico-chemical properties of
intracellular water is critical for predictions of crystallization
temperature, physical state of intracellular water during
freezing or thawing, water transport through plasma membrane
or other properties relevant for optimization of cryopreservation
protocols.”®

In this work, the combination of experimental methods of
differential scanning calorimetry (DSC) and positron annihila-
tion lifetime spectroscopy (PALS) is applied. Combination of
these experimental techniques has been proven to be suitable
for studying the phase behavior of various substances and
mixtures."*** PALS is an experimental method of nuclear
physics using the triplet bound state of positron and electron -
ortho-positronium (0-Ps) - as a probe for detecting microstruc-
tural changes in the studied materials during variations of
external parameters such as temperature, pressure or time. The
advantage of the PALS method is high sensitivity of the o-Ps
lifetime to changes in microstructure related to phase transi-
tions or other structural rearrangements.**** Combination of
these experimental methodologies in this work enabled the
investigation of the phase behavior of water confined in lipo-
somes and verification of the presence of the amorphous freeze-
concentrated phase formed by DMSO and its temperature and
time stability.

Experimental

Materials and methods

The anhydrous 99.9% dimethyl sulfoxide (DMSO, C,HOS) from
Sigma-Aldrich and pure water LC-MS Ultra CHROMASOL V
from Honeywell/Riedel-de Haen were used to prepare binary
mixtures of interest. Dimyristoyl phosphatidylcholine (DMPC,
C36H7,NOgP) purchased from Sigma-Aldrich was used as only
component of liposomes.

Concentrations of DMSO in the mixtures with water are
given volumetrically, defined as the ratio of volumes of pure
substances (Vpmso/(Vomso + Viwater)) X 100%. Concentration of
DMSO in the studied mixtures was in the range of 1 to 10 vol%,
which were prepared by mixing at standard laboratory temper-
ature and pressure.

To obtain multilamellar liposomes, DMPC lipid was
hydrated directly as a powder. Care was taken to homogenize
samples - with use of ultrasound (1 MHz) for 45 min. Final
mixtures contained 5 mg ml~" of DMPC per volume of studied
water-DMSO mixture. Spontaneously formed lipid structures
were mostly multilamellar liposomes with size ranging from
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200 nm to 5 pm. The size of liposomes was measured by
dynamic light scattering (DLS) technique using the Zetasizer
Nano ZS90 (Malvern Instruments, UK) at 25 °C. Optics with
scattering detector angle of 90° was used. The refraction indices
and viscosities of aqueous solutions (water-DMSO mixtures)
containing liposomes needed for the correct size determination
were taken from published data.*

Unilamellar liposomes were prepared as follows: at first, the
DMPC was dissolved in chloroform, then dried with gaseous N,
and after 24 h evaporation in vacuum chamber, it was hydrated
by a mixture of water-DMSO. In order to obtain unilamellar
liposomes, samples were then extruded through the 200 nm
polycarbonate membranes with Mini Extruder from Avanti.
Presence of DMSO (2.2 and 10 vol%) did not significantly alter
the size of extruded liposomes. All mixtures contained lipo-
somes with diameter of about 200 nm and polydispersity index
about 0.1.

Differential scanning calorimetry

Calorimetric analysis of investigated samples was performed by
differential scanning calorimetry (DSC) wusing power-
compensated calorimeter PerkinElmer DSC8500 equipped
with IntraCooler II. Samples were encapsulated in aluminum
pans at standard pressure and nitrogen was used as dynamic
atmosphere with flow of 20 ml min~". Weight of encapsulated
samples was about 25 mg. Thermal scans were performed with
the cooling rate of 5 K min~" and heating rate of 1 K min™", if
not stated otherwise. In the case of crystallization, characteristic
temperature is given by extrapolated onset of heat flow peak,
while in the case of melting, it is the peak maximum. Enthalpic
change during phase transition was determined by integrating
an area under the heat flow curve against the hypothetical
sigmoidal baseline.

Positron annihilation spectroscopy

?2Na was used as a positron source with an activity of about 1
MBgq. It was put between two identical pieces of the sample
(“sandwich” geometry). The sample container was connected to
the cooling part of cryo-generator and fixed between two
detectors of PALS spectrometer. The time resolution function
was determined by Si defect-free sample and it was about 320 ps
(FWHM). Temperature measurements in the range of 100-300 K
were carried out by the closed cycle He-refrigerator JANIS CCS-
450 System with temperature stability of +0.2 K. The hermeti-
cally closed sample containers were kept under the vacuum
during temperature experiments. PALS data were analyzed by
freely available LT Polymers software,*® details of this program
can be found in the paper of its author.”” Three component
analysis was performed. The shortest component was attributed
to the para-positronium (p-Ps) annihilation with fixed value of
125 ps, the medium component to a direct annihilation without
Ps formation and the longest lifetime component was attrib-
uted to a pick-off annihilation of ortho-positronium (o-Ps). The
pick-off annihilation is the process, when the positron from o-
Ps annihilates with an electron from the surrounding material
what shortens the o-Ps lifetime depending on the local
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arrangement of surrounding atoms or molecules. The ratio of p-
Ps and o-Ps intensities was fixed to 1 : 3.

Calculations of water activity and unfrozen fraction of water

Thermodynamical activity of water (aw) was calculated from the
melting point depression data by following relationship (for full
derivation see book by Tosun):*®

AHyo (11
Inay = — Rf (777) 1)

Tm TO

where AHy, is enthalpy of fusion of pure ice - 333.5] g *,*° Ty, is
actual melting point of ternary mixture, R is the gas constant
and T, is the normal melting point of ice.

Unfrozen fraction of water describes the portion of water in
the mixture that did not crystallize during solidification. It is
calculated by relationship:

AH,

U=
AH

(2)
where AH,, stands for experimentally determined enthalpic
change during the ice melting, normalized to the water weight
in a mixture. AH is the heat of fusion of pure ice.

Results and discussion
Phase behavior of water in a mixture with liposomes

During freezing of multilamellar liposomes in water, two
exothermic events with onset temperatures of 258 K and 235 K
were observed (black line in Fig. 1). Since the lipid bilayer
consisting of DMPC has no phase transitions in this tempera-
ture range reported,* both of these events are attributed to
crystallization of water. The crystallization with onset of 258 K
resembles supercooling of water without a lipid bilayer (at same
experimental conditions) and the temperature of 235 K is close
to the reported temperature of homogeneous nucleation of
ice.** Liposomes are closed objects confining a certain amount
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Fig. 1 DSC thermogram showing the phase behavior of water during
freezing and thawing of multilamellar liposomes in pure water. Both
heating and cooling rates were 5 K min~* and lipid content is 40 wt%.
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of water that can diffuse through the lipid bilayer but it is not in
direct contact with extraliposomal water surrounding these
structures. The structure of liposomes in this part of study was
multilamellar, what means that water confined inside of the
liposomes is separated from the outside water by several lipid
bilayers. The presence of the crystallization near the tempera-
ture of homogeneous nucleation indicates that it is the
confinement of water brought by liposomes what allows for
such extreme supercooling. This interpretation is supported by
absence of this low-temperature crystallization for pure water
under the same experimental conditions (data not shown).
Crystallization at 258 K then corresponds to the crystallization
of the water surrounding the liposomes, which forms the
dispersion medium. Similar phase behavior was reported for
cell suspensions during the freezing,** where first to crystallize
was the extracellular water after some supercooling below the
equilibrium freezing point of a cell medium. Usually, intracel-
lular water requires greater supercooling than extracellular
water for crystallization to begin, with onset temperature being
cell type dependent.®

These results indicate the adequacy of the model system
used in this study as liposomes show all fundamental features
of the water phase behavior in biological cells. Qualitatively the
same water phase behavior was observed for mixtures of mul-
tilamellar liposomes containing DMSO as well - the two-step
crystallization during cooling was detected for every studied
mixture, but with altered quantitative characteristics of water
phase transitions.

Effect of DMSO on water phase behavior in a mixture with
liposomes

After the addition of DMSO into a mixture, depression of ice
melting temperature was observed (Fig. 2). The melting
temperature of ice decreased with increasing DMSO concen-
tration - a drop-down to temperature of about 268 K for 10%
DMSO was observed. Similar manifestation was observed for
the crystallization of water confined in liposomes - DMSO
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Fig. 2 Melting point depression and depression of crystallization
temperature of ice inside the liposomes induced by DMSO.
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induced depression of crystallization temperature from 235 K
for water down to 228 K for 10% DMSO. Melting point depres-
sion of ice is caused by lowered chemical potential of liquid
water, which is induced by presence of DMSO. In the work of
Wang et al.,* it was shown that same mechanism is responsible
for the depression of homogeneous nucleation temperature of
ice as well. Dependence of the water crystallization temperature
in liposomes on the DMSO concentration is similar to the
results obtained with emulsified binary water-DMSO
mixtures,** where emulsification allowed extreme supercooling
of mixtures to homogeneous nucleation temperature of ice.
This suggests that the crystallization of water confined in lipo-
somes is also triggered by homogeneous nucleation. Thus, the
DMPC lipid bilayer does not significantly affect the temperature
of crystallization, what indicates its inefficiency as a catalyst for
ice nucleation. Results of this study for the influence of DMSO
on crystallization temperature in liposomes are even in rela-
tively good agreement with the work of Korber et al.,*® where
water phase behavior was studied in cell suspensions contain-
ing human lymphocytes with varied amount of DMSO in cell
cryopreservation medium. Authors observed a depression of
intracellular ice crystallization temperature as a result of an
increase in DMSO concentration in the cell medium - for 2%
DMSO it was 232 K and for 10% DMSO about 227 K. Slightly
lower temperatures compared to our results can be explained by
additional depression due to other solutes present in intracel-
lular environment beyond DMSO (inorganic salts, proteins etc.).

Fig. 3 shows calculated values of water activity and unfrozen
fraction of water based on the eqn (1) and (2), respectively.
Increasing the concentration of DMSO in a mixture, had as
a result decrease of the water activity - as expected from the
melting point depression data. Unfrozen fraction of water
increased with DMSO concentration, what means decrease in
amount of ice present. During the crystallization of ice in water—
DMSO mixtures, there is an ice-free phase separating from the
ice crystals that is still liquid. It consists of a freeze-
concentrated phase of DMSO in water. Separation of this
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Fig. 3 Double Y-axis showing the unfrozen fraction of water (black)
and corresponding water activity (blue) for different concentrations of
DMSO in water with multilamellar liposomes.
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phase occurs during the formation of ice, since DMSO is
excluded from the ice crystal lattice.**** Concentration of DMSO
in this ice-free phase increases up to the eutectic concentration,
when there is a maximum depression in the ice freezing point in
a binary water-DMSO mixture.*® Eutectic concentration is close
to the composition given by a molecular ratio of 3 DMSO : 1
H,0, what is related to energetically favorable intermolecular
interactions.*® This is also confirmed by the negative deviation
of the actual freezing point of ice from the one dictated by the
ideal mixture behavior,** which does not take into account the
molecular interactions of water with DMSO. These interactions
reduce the amount of “free” water in the mixture. This also
results in a reduction in the amount of crystalline ice phase with
proportionality to the concentration of DMSO in the mixture,
what is exactly the result plotted in Fig. 3. Correlation between
the unfrozen fraction (water plus solutes) in the freezing
medium and the viability of erythrocytes was found - the higher
unfrozen fraction corresponding to the higher viability, with
a critical dependence on this parameter.®® Increase of the
unfrozen fraction (at constant temperature) is associated with
an increase in DMSO concentration in the medium. Presence of
the unfrozen fraction (ice-free phase) obviously reduces the
likelihood of direct contact between extracellular ice crystals
and the plasma membrane during freezing, which may prevent
the nucleation of intracellular ice*' and/or mechanical damage
to the plasma membrane. The physical state and the amount of
unfrozen fraction that depends on the concentration of the
cryoprotective substance may therefore be behind the concen-
tration dependence of the cryoprotective effect of DMSO in low-
concentrated mixtures up to 10 vol%, which are often used for
cryopreservation of cell therapy products. This idea is supported
by the following part of this study conducted on unilamellar
liposomes.

Unilamellar liposomes

Calorimetric study of 200 nm unilamellar liposomes showed
a qualitative difference of the water freezing behavior when it
was only component hydrating liposomes and when in
mixture with DMSO. For unilamellar liposomes in pure water,
low-temperature crystallization is absent (Fig. 4). Water
confined in unilamellar liposomes appears to undergo crys-
tallization at a higher temperature together with water
surrounding the liposomes. However, for unilamellar lipo-
somes in a mixture of water and DMSO, the low-temperature
crystallization was observed for every studied concentration
of DMSO. We interpret these results in a way that single lipid
bilayer does not represent a sufficient barrier against the ice
crystallization front. Integrity of lipid bilayer is breached by
extraliposomal ice, what results in crystallization of intra-
liposomal ice. On the other hand, when DMSO is present in
the solution, it forms the ice-free phase that physically
surrounds the lipid bilayer. This ice-free phase thus forms
a protective layer that is still liquid while the probability of
contact between extraliposomal ice and the lipid bilayer is
reduced. While single lipid bilayer is not a sufficient barrier to
stop the ice crystallization front, multiple lipid bilayers in
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Fig.4 DSC thermograms showing a qualitative difference of the water
freezing behavior inside the unilamellar liposomes. In the case of pure
water, there is no low-temperature crystallization. Peaks cut off in the
range of 250-260 K are associated with the crystallization of water
surrounding liposomes.

multilamellar liposomes are. This is evidenced by the fact that
in the case of multilamellar liposomes, the low-temperature
crystallization near homogeneous nucleation temperature
was observed in every case - whether the medium contained
DMSO or was made up only by water (Fig. 1 and 2).

This qualitative difference in the water phase behavior
induced by addition of DMSO into the solution containing
unilamellar liposomes is similar to the effect observed in bio-
logical cells when a cryoprotective substance (DMSO and glyc-
erol) caused significant depression of the intracellular ice
crystallization temperature from about 261 K to 238 K for eight-
cell mouse embryos,*” from 261 K to 233 K for bovine and
hamster oocytes** or from 243 K to 228 K for human lympho-
cytes.*” This effect is so pronounced (depression of the equi-
librium freezing point in these cases is at most few degrees
celsius, see the ice melting temperature in Fig. 2), that cryo-
protective substances are thought to induce a qualitative
change in the nucleation mechanism of intracellular ice crys-
tallization: low-temperature crystallization is thought to be
triggered by heterogeneous nucleation by intracellular macro-
molecules, which represent thermodynamically “weaker”
nucleation centers,** while nature of the nucleation mechanism
at higher temperatures is more questionable. It is known that
for this kind of intracellular ice nucleation to take place, phys-
ical contact of the plasma membrane with extracellular ice is
necessary.*»*>*® There are several hypotheses on how this
nucleation can occur. One is, that nucleation of intracellular ice
occurs through protein pores in the plasma membrane.*”
Different hypothesis “plasma membrane catalyzed ice nucle-
ation”,* describes the indirect role of extracellular ice, which
induces structural changes of the membrane that makes it an
effective ice nucleator on the intracellular side - but possible
mechanisms are speculative and have not been elucidated.
Another obvious hypothesis assumes a loss of plasma
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membrane integrity when extracellular ice is present, what
allows intracellular ice nucleation. When it comes to liposomes
in our study, protein pores are not present in the simple lipid
bilayer studied, so this explanation is not needed. Compared to
“plasma membrane catalyzed nucleation”, it is easier to
hypothesize that the nucleation of ice crystallization in lipo-
somes at higher temperatures is a direct consequence of loss of
the lipid bilayer integrity. The ability of DMSO to prevent this
process can be explained by the fact that the ice-free phase
separating during ice crystallization — consisting of a freeze-
concentrated DMSO - forms a protective layer of lipid bilayer
during the freezing. When the medium does not contain DMSO,
ice-free phase is not present and ice comes into a direct contact
with the lipid bilayer, what ultimately leads to a breach in its
integrity and the nucleation of the intraliposomal ice.

Relevance of this result to cellular systems lies in the
significance of the ice-free phase for safe freezing and thawing
of cells. During the freezing, freeze-concentrated phase of
DMSO is liquid at higher subzero temperatures. This phase
eventually can vitrify at lower temperatures, what is important
for an intact biological membrane. The temperature and time
stability of the amorphous freeze-concentrated phase against
possible crystallization was also examined with results shown in
the following section.

Phase behavior of freeze-concentrated phase of DMSO

Positron annihilation lifetime spectroscopy allowed an obser-
vation of temperature and time dependence of the ortho-posi-
tronium (0-Ps) lifetime in mixtures of water and DMSO with
unilamellar liposomes. 0-Ps is a probe sensitive to microstruc-
tural changes related to phase transitions or other structure
rearrangements. The temperature measurements consisted of
stepwise heating and cooling with isothermal measurements (1
h) at different temperatures in the temperature range of 100 to
300 K. At first, a sample was (continuously) cooled from room
temperature down to the temperature of 100 K with the cooling
rate of 1.9 K min~' without any measurement taking place.
Then the temperature cycle started with the stepwise heating up
to 300 K and measurements taking place. After completion of
the heating to 300 K, measurements were taken during the
stepwise cooling down to 100 K. The results of selected
concentrations of 5 and 10% DMSO in water with lipid bilayer
DMPC are shown in Fig. 5. At about 270 K a sharp increase of
the o-Ps lifetime with rising temperature was observed, this
phenomenon, which is related to the melting of ice,*® was
observed for both studied mixtures. Similarly, during cooling,
there is a sharp decrease of o-Ps lifetime at somewhat lower
temperatures compared to the case of melting, what is related to
a certain degree of supercooling before the onset of crystalli-
zation. The gradual increase of the o0-Ps lifetime in the range of
150 K to 250 K with temperature is the feature of pure water (ice)
in this temperature range.*® This effect is described by a capture
of o0-Ps in temperature-created defects of the crystalline ice
structure, mainly vacancies.***° Deviation from this trend was
observed in temperature range of 165 K to 210 K in mixtures
with DMSO. During the stepwise cooling, higher o-Ps lifetimes

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Temperature dependence of ortho-positronium lifetime for 5
and 10% DMSO with unilamellar liposomes.

were observed in this temperature range, what indicates a less
ordered structure - presence of a supercooled liquid. During the
stepwise heating that followed the initial cooling of the sample
to 100 K from room temperature, the o-Ps lifetime dropped
down during the heating above 160 K, indicating a tighter
arrangement of the local structure, what can be a result of (re)
crystallization. This is a sign of at least partially amorphous
system formed during freezing. During thawing, there is rela-
tively sharp, statistically significant increase of the o-Ps lifetime
when the sample is heated from 205 to 210 K for both 5 and 10%
DMSO content with lipid bilayer (Fig. 6 — enlarged portion of
critical temperature range). Temperature of 210 K perfectly
agrees with the reported melting temperature of the DMSO
trihydrate - ice eutectic mixture.**** Existence of the crystalline
DMSO trihydrate was recently confirmed experimentally with
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Fig. 6 Enlarged portion of Fig. 5 showing the critical temperature
range where crystallization of the amorphous phase occurs during
thawing.
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identification of its crystal structure.®> We therefore consider
the decrease in the o-Ps lifetime in the range of 165 to 200 K to
be caused by crystallization of DMSO-trihydrate and ice from
amorphous freeze-concentrated phase of DMSO generated
during freezing. Subsequent increase in o-Ps lifetime at 210 K is
then related to the melting of this eutectic mixture. In the past,
it was shown that in a two-component water-DMSO mixture
(without lipid bilayer), slow heating during the thawing led to
a decrease of the o-Ps lifetime in the critical temperature range
of 165 K to 200 K, as long as quick heating suppressed the drop-
down of o-Ps lifetime, what was interpreted as avoiding the
crystallization.'® There is a work,* where a positive correlation
was found between the cell post-thaw viability and the heating
rate through the temperature range of 180 K to 200 K during
thawing, what matches critical temperature range for crystalli-
zation of water-DMSO eutectic mixture observed in our exper-
iments. It is known that during slow (equilibrium) cooling,
biological cells are directly surrounded by the freeze-
concentrated phase of cryoprotective agents and other dis-
solved substances in cryopreservation cell medium (inorganic
salts, etc.).***** DMSO is present in intracellular compartment
as well, so the cell interior is also filled with this freeze-
concentrated phase. It is therefore obvious that it is crucial to
know in what state—crystalline or amorphous—this concen-
trated phase exists during the freezing and thawing regarding
the cell viability.

PALS method also allows relative quantification of the
amount of amorphous phase in the frozen system. Amorphous
fraction is proportional to the degree of hysteresis (Table 1)
between the o0-Ps lifetime during thawing and the hypothetical
dependence of the o-Ps lifetime during freezing (dashed line in
Fig. 5 and 6). This hypothetical dependence of the o-Ps lifetime
corresponds to the mixture of ice and completely amorphous
freeze-concentrated phase of DMSO in the critical temperature
range where crystallization occurs during slow thawing. The
adequacy of this description results from our previous work
with the two-component water-DMSO mixture, where higher o-
Ps lifetimes were observed as long as the heating rate was higher
through this critical temperature range when o-Ps lifetimes
followed the values measured during freezing.' In this sense,
the hypothetical temperature dependence of the o-Ps lifetime
can be perceived as a limit for high heating rates, when no
crystallization of freeze-concentrated phase occurs. The size of

Table 1 Quantitative characteristics of o-Ps temperature depen-
dence. Hysteresis area between o-Ps lifetime dependencies during
freezing and thawing Hc,n, hysteresis area between o-Ps lifetime
during thawing and hypothetical dependency during freezing Hcnyp/m
(corresponding to mixture of ice and fully amorphous freeze-
concentrated phase of DMSO), onset of crystallization of amorphous
phase during thawing T and temperature of completed crystallization
TCend

Hem Henypra
Sample (ns K) (ns K) Tc (K) Tcend (K)
5% DMSO 0.67 1.99 172 £ 2 180 + 2
10% DMSO 2.53 4.92 163 £ 2 177 £2
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the hysteresis shows that the amount of amorphous phase is
proportional to the DMSO concentration in the mixture, what
also matches the result of the DSC analysis for the unfrozen
fraction of water (Fig. 3).

Analyzed PALS spectra carry another information besides the
lifetime of positron(ium). Every lifetime has a corresponding
intensity. In Fig. 7, the temperature dependence of positronium
formation intensity is shown. Its value corresponds to the per-
centual ratio of annihilation events by ortho- and para-positro-
nium, the rest being made up by direct annihilations of
positron with electron without Ps formation. During the ice
melting and crystallization, there is an abrupt decrease and
increase in Ps formation respectively (250-270 K) for both 5 and
10% DMSO with lipid bilayer (Fig. 7), what mirrors the trends
observed on o0-Ps lifetimes. For 10% DMSO, there is also
significant hysteresis between Ps formation intensity during
cooling and heating measurements in the temperature range of
155-210 K, similar to the hysteresis seen for the o-Ps lifetimes in
Fig. 5. The “V-shaped” temperature dependence of Ps formation
intensity during the heating with vertex at about 160 K is
obviously linked to devitrification of the amorphous freeze-
concentrated phase of DMSO and its crystallization into the
DMSO trihydrate and ice. For 5% DMSO with lipid bilayer, size
of the hysteresis between cooling and heating is less
pronounced, what is caused by lower amount of DMSO in the
mixture and thus lower amorphous fraction. Globally higher
values of Ps formation intensity for 5% DMSO can be linked to
higher fraction of crystalline ice in the system. This trend was
also observed for the binary water-DMSO mixtures studied by
PALS.*

Time stability of amorphous fraction

Using the PALS method, a time stability of the amorphous
freeze-concentrated phase was also studied. Isothermal time
measurements at the temperature of 180 K were carried out.
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Fig. 7 Intensity of positronium formation in studied systems of 5 and
10% DMSO with unilamellar liposomes during freezing and thawing.
Values corresponding to the o-Ps lifetimes shown in Fig. 5 and 6.
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This temperature corresponds to the minimum of o0-Ps lifetime
seen in temperature measurement, what is considered to be the
state of completed crystallization of DMSO trihydrate and ice
during thawing (Table 1). Results of these time measurements
are shown in Fig. 8. The time dependence of the o-Ps lifetime at
180 K in the system consisting of lipid bilayer and 10% DMSO
demonstrated relative stability of the amorphous phase for at
least 12 hours as long as the system was cooled from room
temperature to a final temperature of 180 K with the cooling rate
of 1.9 K min~". In another variant of this experiment - cooling
from the room temperature to 70 K, subsequent quick heating
to 180 K followed by the isothermal time measurement - value
of 0-Ps lifetime was initially comparable to the previous variant
of the experiment, however after 2-3 hours it decreased to the
minimum value of about 0.7 ns seen in temperature measure-
ments at the same temperature. This phenomenon confirms the
interpretation of the temperature measurements that during
initial cooling through the critical temperature range of 165-
210 K, the ice-free phase consisting of freeze-concentrated
DMSO enters an amorphous state. The crystallization of this
phase then occurs during the heating of the mixture above the
glass transition temperature, which is in the case of 10% DMSO
about 150 K.**

In the case of lipid bilayer with 5% DMSO system, a less
pronounced difference between the two variants of the
isothermal experiment was observed - especially during the first
4 hours at 180 K, a significant difference between the two
dependencies is lacking. Later, for times of more than 5 h for
the variant “cooling to 70 K and then heating to 180 K”, a certain
decrease of the o-Ps lifetime was observed, that may correspond
to the process of slow crystallization, especially when a globally
decreasing trend right from the beginning of the time
measurement is considered. Smaller differences also reflect
a lower amorphous fraction in the system, which is related to
a lower DMSO concentration (5 vs. 10%), which can also be seen
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Fig.8 Time dependence of o-Ps lifetime at constant temperature 180
K with different thermal history of 5 and 10% DMSO mixtures with
unilamellar liposomes. Thermal history is described in the text. Lines
are meant only as guideline for an eye.
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in the results from temperature measurements and the size of
the hysteresis between cooling and heating (Table 1).

These results of isothermal time measurements imply that
heating rate applied during thawing of frozen cells may be
critical for their viability, what matches the actual results for
such experiments performed on biological cells. Although it
appears that short-term storage at 180 K is possible without
eutectic crystallization occurring (temperature of 180 K is
roughly the temperature of typical freezers used for such
purposes), these results suggest that it is safer to “complete” the
solidification process and store the cells at temperature lower
than glass transition temperature of water-DMSO mixtures
what is about 150 K.

Conclusions

Presence of DMSO in the liposome containing medium induced
qualitative change in the phase behavior of water inside the
unilamellar liposomes - its crystallization was postponed down
to temperatures lower than 235 K. This result was interpreted as
indication of lipid bilayer being protected against ice crystalli-
zation front by presence of the ice-free phase consisting of
freeze-concentrated DMSO. This phase surrounds the cells
during freezing what justifies the hypothesis that one aspect of
DMSO cryoprotective action stems from the ability of the ice-
free phase to reduce the probability of the contact between
extracellular ice crystals and plasma membrane, preventing the
nucleation of intracellular ice and/or direct mechanical damage
to the membrane during freezing.

During the freezing, vitrification of freeze-concentrated
phase was observed, but its possible crystallization upon
thawing was demonstrated. The found correlation between the
critical temperature range for cell viability loss during slow
thawing and temperatures of crystallization of freeze-
concentrated phase of DMSO is of critical importance for
successful cryopreservation of biological cells. Based on this
correlation and the afore-mentioned results we may hypothe-
size that another aspect of cryoprotection brought by DMSO is
that the freeze-concentrated phase remains in amorphous state
during thawing as well. Since DMSO is also present in cyto-
plasm, a possible threat brought by eutectic crystallization is
increased.

Considering these two proposed mechanisms of cry-
oprotection induced by DMSO, the concentration dependence
of its cryoprotective action may be ascribed to two factors: (1)
since the amount of ice-free phase in the freezing mixture is
directly proportional to the DMSO concentration, the proba-
bility of contact between the plasma membrane and extracel-
lular ice crystals is reduced more when a higher concentration
of DMSO is used, (2) extent of cell dehydration during slow
(equilibrium) freezing should be decreased by presence of
DMSO in cytoplasm with assumption that concentration of
DMSO is roughly the same on intracellular and extracellular
side of plasma membrane during the freezing process. Again,
higher concentration of DMSO means higher absolute number
of DMSO molecules in a cell what leads to bigger cell volume
and thus decreased stress from cell dehydration.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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For the design of cryopreservation protocols with application
of novel experimental cryoprotectants, this study implies the
choice of such additives that can easily form an amorphous
phase in freezing cell medium. Additives, that are characterized
by strong intermolecular interactions with water, what is man-
ifested by increased freezing point depression and higher
amount of amorphous phase in frozen state, can be good
candidates for novel cryoprotectants.
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