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Molecular dynamics (MD) simulation is used to investigate the solubility behavior of cryoprotective (CP)
solvents, such as DMSO, ethylene glycol (EG) and glycerol (GL), in pure water and in the presence of a lipid
membrane. The MD study is focused on an equilibration timescale required for mixing large CP aggregates
with aqueous and aqueous/lipid environments. The MD analysis demonstrates that DMSO mixes rapidly with
water, so that all solute molecules are uniformly distributed in the equilibrium aqueous solution. Our
investigation of the microstructure of binary EG/water and GL/water systems reveals that, despite the
miscibility of both CP solvents with water, they are not ideally mixed in aqueous solutions at the molecular
level. The MD simulations show that the mixing dynamics of the large CP cluster and surrounding water is
found to be strongly dependent on nature of hydrophilic and hydrophobic interactions acting between
cryoprotectant molecules. In particular, a spatial hydrogen-bond network formed between CP molecules
plays an important role in the mixing dynamics between CP agents and water. A further analysis on the
mixing behavior of the CP solvents with pure water and with aqueous solutions at a lipid membrane interface
shows that, due to strong binding of the CP molecules to membrane surface, the equilibration process in the
lipid environment becomes very slow, at least of the order of microseconds. The MD results are discussed in
the context of the better understanding on the composition of the aqueous mixtures of the EG and GL
solvents. Knowledge of the microstructure and the dynamics of these systems helps to develop better
cryopreservation protocols and to propose more optimal cooling/warming regimes for cellular cryosolutions.
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1. Introduction and motivation mixture of the same pure liquids. The nonideal thermodynamic and

transport properties of aqueous solutions of lower alcohols are often

Aqueous mixtures of organic solvents such as glycols, sugars and
DMSO are widely used as a cryoprotective (CP) agent to preserve
biological systems during freezing. A cryoprotection mechanism is
based on an idea that CP agents suppress crystallization in cell water
by inducing the formation of a glassy state [1]. It is commonly believed
that cryoprotective solvents alter certain colligative properties of
water solution. At a molecular level, it is expected that in the presence
of CP molecules the H-bonded network structure of bulk water is
broken, so that this perturbation results in slowing down of the water
dynamics. The microstructure of cryoprotective solutions, which
consist of CP solvents enabling efficient H-bonding with water, such
as glycols and higher alcohols is, therefore, viewed to be very rich and
complex. It is well established that, when alcohol content is varied, the
thermodynamic functions and spectroscopic properties of binary
alcohol/water solutions demonstrate unexpected maxima and inflec-
tion points. The composition-property dependencies also differ
significantly from the behavior that might be expected for an ideal
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interpreted in terms of either local structure changes in the mixture
[2] or molecular aggregation and self-association of alcohol molecules
[3-9]. Despite the apparent miscibility of both components in all
proportions, modern diffraction experiments have shown the exis-
tence of clathrate structures and alcohol clustering [10-12]. These
findings lead, therefore, to a new insight into the mixing behavior and
the heterogeneous structure of aqueous solution of organic solvents
containing both hydrophobic and hydrophilic groups. In addition,
computer modeling is also found to be a very promising tool to assist
explanation of the microstructure of binary mixtures. The structure of
aqueous solutions containing CP solvents is widely studied by
applying of molecular dynamics (MD) simulation methods [13-17].
Analysis of the solution microstructure has shown that, depending on
concentrations, some CP solvents are characterized by inhomoge-
neous dispersion in solution due to their self-association and
aggregation [13,14]. It is also interesting to note that the solvent
clustering in aqueous solution is found to be strongly sensitive to
temperature changes. Lowering the temperature has been shown to
enhance the greater molecular heterogeneity in binary mixtures, so
that structural parameters, sizes and distributions of labile solvent
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aggregates are changed [18,19]. These temperature changes are often
accompanied by an increase of solution viscosity. As a result, diffusion
processes in these low-temperature mixtures are slowed down
dramatically. Such a temperature behavior seems to be particularly
important for low-temperature cryosolutions. The appearance of large
microheterogeneity gradients may depend on a cooling rate. There-
fore, at these conditions the formation of some non-equilibrium
solvent aggregates is expected. It has recently been demonstrated for
solutions containing glycerol as a CP agent that the response of cells
such as spermatozoa and red blood cells is found to be particularly
sensitive for a cooling regime [20]. It has been concluded that, in the
case of the rapid cooling, the composition and the ultrastructure of the
freeze matrix around cells deviate significantly from the properties,
which are found in the slowly cooled equilibrium cryosolution. These
findings point out that the “effective” concentration of CP molecules in
cellular solution might, in principle, be dependent on different
thermal treatments of the system. The concentration of the “active”
CP molecules may also be influenced by the method of their
introduction into solution, as either a single aliquot or in a stepwise
manner. Since bulk structural properties of liquids depend on their
microheterogenic structure, it is important to understand the
influence of this microheterogeneity on the efficiency of interactions
of CP agents with a biomolecule. However, at present there still is no
generally accepted understanding of what is the most effective way of
addition of cryoprotector into biorelevant systems, as either rapid
one-step or slow step-by-step addition.

A series of experimental data has suggested that the fractionated
dilution of cryoprotector is more beneficial than the single-step direct
dilution [21-23]. The better tolerance for cryoconservation of
leucocytes was obtained during slow addition of DMSO to cellular
solution at 22 °C [22]. Corneas, immersed directly into 3 M DMSO,
were irreparably damaged irrespective of the method of dilution [23].
At the same time, sequential addition of 1, 2 and 3 M DMSO followed
by the fractionated dilution was tolerated by endothelium and minor
alterations to the structural integrity of the endothelial layer were
rapidly repaired. However, the authors of this study have only
discussed and analyzed the osmotic nature of these observations.
Also, the correlation between the positive effect of the stepwise
addition of the cryoprotector and the structural heterogeneity of
aqueous cryosolution has not been analyzed in details, so that the
obtained results are mainly explained in terms of minimization of the
osmotic stress to endothelium during the fractionated dilution. It
should also be noted that, on the other hand, no reliable difference
was observed in the case of the quality of canine semen, which has
been submitted to either single or fractionated glycerol addition
during the freezing process [24]. Therefore, additional studies are
needed to explain, on a molecular level, reasons for observed features
appearing due to some differences in cryopreservation protocols. In
addition, many experimental results have indicated that CP agents
reveal cytotoxicity with respect to biomembranes and intracellular
structures. This cytotoxicity is often observed not directly during
freezing, but rather during the equilibration time prior to freezing and
also during post-thawing periods [25-28]. Moreover, the importance
of concentration of CP agents and the incubation temperature has also
been emphasized [29]. In spite of many experimental studies, possible
mechanisms of the cytotoxic action of CP agents on biomembranes are
still not evident so far.

In this study, we are interested in investigating the dynamics of the
mixing of various CP agents (DMSO, ethylene glycol, and glycerol) with
water. Our study is focused on characterizing the slow kinetics of
destruction of large CP aggregates in aqueous solutions. The CP-water
mixing behavior in binary solution will be analyzed by applying the
MD methodology. We are also interested in determining what kind of
molecular properties of CP solvents is responsible for their anomalous
cryoprotective actions on biological membranes. Therefore, the
influence of the lipid membrane on the microstructure of cryopro-

tectant solutions is also studied. The MD method is widely employed
in studying, with the atomic resolution, interactions and the
partitioning behavior of organic solvents with phospholipid bilayers
and biomembranes [30-36]. Knowledge and a deeper understanding
of the cryoprotection mechanism would help us with the design of
better solvent mixtures to improve the cryopreservation properties
and cooling/warming procedures.

2. System setup and MD simulation details

The MD simulations were carried out using the GROMACS set of
programs, version 3.0 [37]. The cryoprotective solvents were modeled
using force fields available for DMSO [38], ethylene glycol (EG) [39-41]
and glycerol (GL) [42-44]. The corresponding parameterization was
adopted for the GROMACS force filed. In the case of EG and GL, the
aliphatic CH and CH, fragments were represented by the united atom
approximation. The mixing behavior of CP solvents and water was
studied by analyzing the distribution of CP molecules in aqueous
solution. The microstructure of the binary solutions was also
examined by monitoring of time evolution of intermolecular hydro-
gen-bonds in the CP/water systems. To determine if an H-bond exists
between all possible H-bond donor (D) and acceptor (A) atoms,
geometrical criteria were used. These criteria were based on the H-
bond distance and angle cut-offs, Rp4<0.35 nm and 6pys=180°+30°,
respectively.

A biomembrane was modeled by a lipid bilayer consisting of 88
dipalmitoylphosphatidylcholine (DPPC) lipids (44 per leaflet). Simi-
larly to the CP molecules, all carbon atoms of methylene and methyl
groups of the lipids with non-polar hydrogens are also treated as
united atoms. An initial configuration of a DPPC bilayer was taken
from ref [45]. The bilayer force field is based on the modified OPLS
parameterizations [45]. The Simple Point Charge (SPC) model was
applied for the water modeling [46]. The simulation temperature was
chosen to be equal to 323 K. The whole system was first equilibrated
for 200 ps at the constant number of particles, constant pressure,
P=1 atm, and constant temperature, T=323 K (NPT ensemble). Three-
dimensional periodic boundary conditions were applied for the MD
simulation box. The z-axis of the box was directed along the bilayer
normal. The pressure was controlled semi-isotropically, so that the x-
y and z dimensions of the simulation box were allowed to fluctuate
independently from each other keeping the total pressure constant.
Thus, the membrane area and thickness were free to adjust under the
constant pressure condition. The reference temperature and pressure
were kept constant using the weak coupling scheme [47] with a
coupling constant of 7,=0.1 ps for temperature coupling and 7.=1.0 ps
for pressure coupling. A twin-range cutoff scheme was employed in
the simulations of electrostatic interactions using the particle mesh
Ewald (PME) approach [48]. Short-range electrostatic interactions
were calculated for every time step within sphere of 1.0 nm radius.
Long-range interactions were evaluated within the cutoff 1.8 nm every
10 fs. The cutoff distance of Lennard-Jones interactions was also equal
to 1.8 nm. The evaluated pair interaction list was kept constant until
the next update. The integration time step was 2 fs. All bond lengths in
DPPC and CP molecules were kept constant using the LINCS routine
[49]. The similar MD setup has been demonstrated to be the optimal
for the simulations of the equilibrium properties of the DPPC bilayer
[50].

3. Results and discussion

We have organized the article as follows. We first present the
characteristics of the simulated systems. We describe the MD simulation
results of the mixing process in which the two preformed phases,
consisting of CP solvent and water, are allowed to mix freely with each
other. Distributions of the CP molecules in the binary systems are
analyzed as a function of the mixing time. In the next section, the mixing
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dynamics is studied for the ternary CP/membrane/water systems, in
which a lipid membrane is represented by a DPPC bilayer. The CP
solvents, which are initially placed as a thin layer at a membrane
interface, are considered in terms of their solubility dynamics in aqueous
solution. The comparison of the mixing behavior of the three different
CP solvents with water as a function of the mixing time and the influence
of the lipid membrane on the CP-water mixing dynamics are discussed.

3.1. Characteristics of simulated systems

Three CP solvents, DMSO, ethylene glycol (EG), and glycerol (GL)
are considered. Initial configurations of the CP/water systems were
prepared as follows. Each bulk CP solvent was originally equilibrated
in a cubic box by running the NPT-simulations with the 3D-periodic
boundary conditions. The equilibration time was equal to 2-4 ns. After
the equilibration period, the size of the MD box was increased along
the z-axis, so that the CP solvent phase was kept in the middle of the
simulation cell. The free volume of the MD cell expanded along the z-
axis was filled by water molecules. Thus, the new water phase
surrounds the CP solvent from its both sides, Fig. 1(top). A set of short
MD equilibration runs was performed, during which only one of either
CP or water components was allowed to relax. At the same time, all
molecules belonging to the second phase were kept at their fixed
positions. In this way, in the initial MD system the “preformed” bulk
phase of the CP solvent was kept to be separated from the water phase.
As an example, the MD cell of the initial EG/water system is shown in
Fig. 1(top). The composition and characteristics of the studied binary
systems consisting of the CP solvents and water are given in Table 1.

The influence of the biomembrane interface on the mixing
dynamics of the CP agents with water is studied for the same set of
three CP solvents in the presence of the DPPC lipid bilayer. The initial
ternary systems containing CP, membrane and water components
were prepared in the fashion which is similar to that of the CP/water
binary systems. The DPPC membrane was placed in the middle of a
rectangular MD simulation cell. A thin layer of the CP solvent is added
at the membrane interface on the top and bottom sides of the bilayer.

water

B NIV

Fig. 1. Schematic representation of the EG/water (top) and the EG/DPPC-membrane/
water (bottom) systems.

Table 1

Characteristics of the binary and ternary systems

System CP Water DPPC Box size (A) Time (ns)
DMSO/water 272 4033 - 42.4x42.4x98.3 5
EG/water 498 4350 - 445x445%x914 25
GL/water 310 4205 - 40.9%40.9%x99.0 30
DMSO/DPPC/water 272 4033 88 52.2x52.2x108.2 7
EG/DPPC/water 498 5370 88 52.2x52.2x120.1 15
GL/DPPC/water 310 4706 88 52.2x52.2x105.0 20

Finally, the free volume of the simulation cell was filled by water
molecules. The initial EG/membrane/water system is schematically
shown in Fig. 1(bottom). To be able to compare the behavior of the CP/
water binary mixtures to the corresponding CP/membrane/water
ternary systems, the same number of the CP molecules was, therefore,
chosen in the both cases. To avoid high energy contacts and thermal
instability, the initial ternary systems were also pre-equilibrated by a
series of energy minimization and short MD runs, during which only
one of the components is allowed to relax, whereas, the rest of the
system is kept at rigid positions. The compositions of the studied
ternary systems are also shown in Table 1.

3.2. MD simulations of CP/water binary systems

We performed a set of MD simulations in order to elucidate the
mixing behavior of a series of CP solvents with aqueous solution. The
simulations are based on the passive mixing between the CP solvent
and water phases. The mixing is driven by thermal diffusion. The
“preformed” bulk phase of the CP solvent was allowed to dissolve
freely in water during the nanosecond-scale MD simulations carried
out at the NPT conditions. The solubility of the CP solvents as a
function of a mixing time (t;,,) was studied. The structure of the binary
solutions was monitored by examining of its macro- and microscopic
properties at different t,.

One of macroscopic parameters describing the mixing behavior is a
mass density distribution of a component in a binary system. Such a
density distribution for each of the two, CP and water, components
was calculated along the long z-axis of the MD cell as a function of t,.
Due to symmetry reasons, the component densities are plotted with
respect to the center of the z-axis placed in the middle of the MD cell,
Fig. 1(top). Fig. 2 shows the density profiles for the studied CP/water
binary systems. The densities are calculated at different time intervals
starting from the beginning of the mixing process. The two well-
defined separate phases may be seen in all the initial systems at the
beginning of the MD simulation, at t,,=0 ns. The averaged water
density profile is plotted for the initial system only, while the mass
density distributions of the CP components are additionally shown for
intermediate t,.

The mass density distributions of the water and DMSO phases
corresponding to t,,=0 ns are shown by solid lines in Fig. 2(a). The
average mass densities estimated for the pure DMSO and water phases
agree with experimental values. As can be seen in Fig. 2(a), the well-
defined separation between water and DMSO observed at t,,=0 ns
starts to disappear since approximately 0.8 ns from the beginning of
the phase mixing. As mentioned above, in the case of the intermediate
time intervals, only the DMSO density distributions are plotted for
clarity. An arrow shows the time evolution of the DMSO mass density
during the mixing. The MD results demonstrate that the DMSO
density becomes almost equally distributed along the MD box after
the mixing period of approximately 3-5 ns, Fig. 2(a). At the same time,
the analysis of the microstructure of the binary mixture on the
molecular level indicates that all DMSO molecules are homogeneously
dispersed in aqueous solution. Thus, the study of the mixing dynamics
in the DMSO/water system shows that the DMSO phase is completely
solubilized in water during approximately 5 ns.
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Fig. 2. Mass density profiles of the two components in the CP/water systems are shown
as a function of the mixing time (in nanoseconds). The density curves for DMSO-water
(a), EG-water (b) and GL-water (c) are plotted with respect to the center of the z-axis of
the MD cell. The water density is shown for t;,=0 ns only.

Knowledge of hydrogen-bonding occurring between DMSO and
water molecules is important for understanding how this CP solvent
acts as a colligative solute [13-15]. Therefore, the mixing dynamics of
bulk DMSO with aqueous solution is also studied on a molecular level
by applying a hydrogen-bonding analysis. The total number of
intermolecular hydrogen-bonds, which are formed between all
DMSO and water molecules, is calculated during the MD simulation
of the mixing process as a function of time. The hydrogen-bonds are
calculated with a time step of 20 fs. Fig. 3 shows the total number of

the hydrogen-bonds in the DMSO/water binary system as a function of
tm. One DMSO molecule may form two intermolecular hydrogen-
bonds with two water molecules. The structure of such a hydrogen-
bonded complex is schematically shown in Fig. 3. The total number of
544 H-bonds may therefore be expected between all 272 DMSO
molecules and the surrounding water. Such a limit of the hydrogen-
bond number is plotted as a dotted line in Fig. 3. As seen from Fig. 3,
the total number of the DMSO-water H-bonds increases rapidly from
150 at t,=0 ns to a nearly constant value of about 540 at t;,=3 ns.
Starting since approximately t,,=3 ns, the total number of hydrogen-
bonds reaches a well-defined plateau asymptotically. It corresponds to
the theoretical limit of hydrogen-bonding between DMSO and water
molecules for this system. Thus, in the equilibrium binary solution
each DMSO molecule forms the two hydrogen-bonds with the
surrounding bulk water.

The time evolutions of the mass densities of the CP and water
components are shown for the EG/water and GL/water binary systems
in Fig. 2(b) and (c), respectively. As can be seen from Fig. 2(b), the mass
density peak of the EG phase is observed at the center of the z-axis at
tm=0 ns. During the phase mixing, the EG density is slowly distributed
within the MD cell; however, it should also be noted that the separate
EG phase may still be observed in the system even after the mixing
period of approximately 5 ns.

Fig. 4 shows snapshots of MD boxes calculated at different t,. As
can be seen, the interface between the two phases, which is defined in
Fig. 2(b) as the intersection between the EG and water density curves
at t=0 ns, becomes irregular at t,=2 ns due to the interphase
mixing. The phase separation between EG and water starts to
disappear only at t;;=10-15 ns. In Fig. 4(a), the distribution of the
EG molecules in the EG/water binary system is shown for the
intermediate mixing time intervals. In addition, the study of the
microstructure of the binary solution as a function of t,;, demonstrates
that the initial EG bulk-like phase is being gradually depleted into
various aggregates of smaller sizes. These aggregates are not static and
they are found to be in equilibrium with other labile aggregates of
different sizes. As a result, the distribution of the EG molecules
demonstrates the strong heterogeneity in the system during first 10 ns
of the mixing, Fig. 4(a). The two liquids are found to be mixed almost
completely only after approximately 25 ns.

Fig. 4(b) shows the distribution of the GL molecules in the GL/
water system at different t;,. The water molecules are not shown for
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Fig. 3. The total number of H-bonds between DMSO and water as a function of the
mixing time (in nanoseconds). A dotted line shows the maximal possible number of H-
bonds for the studied DMSO/water system.
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Fig. 4. Snapshots of the simulated boxes showing the distribution of CP solvent
molecules in the binary EG/water (a) and GL/water (b) systems at the different mixing
time periods. To clarify the presentation, the water molecules aren't shown.
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clarity. As seen from Figs. 2(c) and 4(b), the mixing behavior in the GL/
water system contrasts with what was observed in the two previous
binary systems. The MD simulations, carried out in the same NPT
conditions, reveal that in the case of the GL/water system the two
phases mix with each other very slowly. As seen in Fig. 2(c), the mass
density distributions display the clear phase separation within the
system during the first mixing periods of 5-10 ns. The interface
between the bulk-like GL phase and aqueous solution may be
observed even at t,=15 ns. The very slow phase mixing is also
observed on the molecular level, Fig. 4(b).

The mixing behavior in the EG/water and GL/water systems on the
molecular level is also considered in terms of the time evolution of
hydrogen-bonding. In addition to hydrogen-bonding between CP and
water molecules, H-bonding interactions acting between all CP
molecules are also analyzed as a function of the mixing time. Fig. 5
shows a rapid increase in the number of hydrogen-bonds formed
between all molecules of EG (blue) or GL (green) and water in the
corresponding CP/water binary systems. Concurrently, at the same
time the number of hydrogen-bonds between CP molecules decreases
in an almost opposite fashion. A careful examination of the time
evolution of hydrogen-bonding between EG and water allowed us to
reveal two, fast and slow, time dependences. The rapid increase in the
number of the H-bonds between EG and water, which is observed in
Fig. 5 during first 5 ns, is followed by a very slow asymptotical
dependence after t,,>5 ns. The increase in the number of EG-water H-
bonds and the corresponding decrease in the number of the EG-EG H-
bonds could be fitted by a two-exponential dependence, so that the
fast component is found to be 1 ns and the slow component is
extrapolated to be 50 ns, Fig. 5. The rapid decrease in the number of
EG-EG H-bonds shows that, during the first mixing period, a spanning
H-bond network within the bulk-like EG phase becomes partially
broken. It seems that this disruption of the H-bond structure occurs
due to some penetration of water molecules inside the bulk EG phase.
As a result of breaking of the hydrogen-bond pattern, the bulk EG
phase may be depleted into some aggregates of smaller sizes. This
depletion is seen as the second slow component in the decay of the
hydrogen-bonds number in Fig. 5. After the initial mixing stage, the EG
aggregates are being transported into bulk water due to the thermal

diffusion. The mixing behavior in the GL/water system seems to be
similar in many aspects to that of EG/water; however, due to the more
complex three-dimensional H-bond network of the bulk GL solvent, the
interphase mixing in GL/water occurs at a longer time scale. The two-
exponential analysis of the increase of the number of the GL-water H-
bonds reveals the fast component to be 5 ns. The fast component
observed in the corresponding decrease of GL-GL hydrogen-bonding is
estimated to be 3.5 ns, Fig. 5. The slow component could be extrapolated
to 1-5 ps with the same fitting quality. A further analysis allows us to
conclude that in the EG/water and GL/water systems the mixing is
controlled mainly by a rate of desorption of CP molecules from the bulk
CP phase. The mixing timescale is found to be dependent on the
structural organization and strength of the H-bond network formed
between CP solvent molecules. It is, therefore, expected that the
complete equilibration of the whole system in the three studied CP/
water mixtures is occurring at significantly different timescales. Our MD
study shows that the DMSO phase mix rapidly with bulk water during a
few nanoseconds. In contrast to the DMSO/water system, the equilibra-
tion time of about 50 ns is needed to solubilize completely the bulk EG in
water. Moreover, an asymptotic approximation of the mixing dynamics
in the GL/water system has shown that the complete equilibration in this
binary mixture should occur in the time scale of the order of
microseconds.

3.3. DPPC membrane structure

One of the most important structural parameter of a lipid membrane
is the surface area per one lipid molecule. This parameter describes
packing of lipids in the plane of a membrane. The surface area per lipid is
commonly used to ensure that an adequate bilayer model and force filed
are employed in MD simulations. In the case of a DPPC bilayer in pure
water at T=323 K, we have estimated the average value of the surface
area per lipid to be 651 A2 This value agrees with the experimental
data for the DPPC bilayer in the liquid crystalline phase [50]. Our MD
results for all major structural and dynamics properties of the pure DPPC
membrane are also found to be fully consistent with previous MD
studies for the same bilayer [50]. Our analysis of regular bilayer
properties in the ternary systems containing the CP agents indicates
that the effect of CP on the overall structure of the membrane is found to
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Fig. 5. Time evolution of hydrogen-bonding in EG/water and GL/water. The EG-water
(blue) and GL-water (green) curves show the number of hydrogen-bonds between the
CP solvents and water. The EG-EG (blue) and GL-GL (green) dependencies correspond
to the total number of H-bonds between the CP molecules. Red curves show results of a
two-exponential fitting (see Section 3.2 for details). (For interpretation of the references
to color in this figure legend, the reader is referred to the web version of this article.)
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be small. The area per lipid is slightly increased up to 67 +1 A? in the CP/
membrane/water ternary systems.

3.4. MD simulations of ternary CP/membrane/water systems

To gain insight into the mixing behavior and distribution of the CP
solvents within the studied ternary systems, we first consider mass
density profiles of different molecular components across the DPPC
membrane.

Fig. 6(a) shows the mass density profiles of the individual
components for the ternary DMSO/DPPC/water system calculated at
tm=0 ns. All the mass density profiles are plotted along the z-axis of
the MD cell, so that the center of the z-axis corresponds to the lipid
bilayer center. To compare the solubility dynamics of DMSO in pure
water and in the aqueous/lipidic environment, a DMSO layer was
placed nearly the membrane interface. As can be seen from Fig. 6(a),
three mass density regions corresponding to the bulk aqueous
solution, the DPPC bilayer, and DMSO can be identified in the
DMSO/DPPC/water system. The solubility dynamics of the DMSO
layer in aqueous solution is simulated by applying the MD conditions
which are similar to those used in the previous simulations of the
binary CP/water system. Interactions between DMSO and lipid
molecules, as well as the favorable location of DMSO molecules
within a hydrated DPPC bilayer, have already been computationally
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Fig. 6. Mass density profiles for individual components in the DMSO/membrane/water
system at t;,=0 ns (a). DMSO mass density is calculated at different mixing periods (b).
All the density profiles are plotted with respect to the center of the z-axis of the MD cell.
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Fig. 7. Snapshots of the MD simulated boxes showing the distribution of the CP solvent
molecules in the ternary EG/membrane/water (a) and GL/membrane/water (b) systems
at the different times. EG and GL molecules are shown in blue (a) and magenta (b),
respectively. To clarify the presentation, the water molecules aren't shown. (For
interpretation of the references to color in this figure legend, the reader is referred to
the web version of this article.)

0 ns

studied by Sum and de Pablo at different DMSO contents [30].
Therefore, we mainly focus our analysis on an equilibration time and
on the mixing dynamics of the DMSO component in the ternary
system. The MD simulations show that the DMSO molecules mix
rapidly with bulk water, so that during the first 2 ns a significant
fraction of DMSO is tend to diffuse from the interfacial region into the
aqueous solution. The dynamics of this diffusion is analyzed using the
mass density distribution of the DMSO component at different
simulation periods as shown in Fig. 6(b). A further analysis of
energetic and dynamic parameters of the ternary DMSO/membrane/
water system indicates that the system reaches the equilibrium state
after approximately 4-5 ns of the MD simulation. This equilibrium
state is characterized by uniform distribution of all DMSO molecules in
the aqueous phase. It should also be noted that a peak of the DMSO
mass density is observed at the distance of ~20 A from the bilayer
center, as can be seen in Fig. 6(b) at t,,=4 ns. This feature can be
understood in terms of some preferable binding of DMSO molecules to
the membrane interface. The preferable binding of DMSO to the
membrane surface has been experimentally suggested for the ternary
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DMSO/DPPC/water systems [51-54]. In addition, the favorable loca-
tion of DMSO at the interface has also been proposed by recent MD
studies [30,31].

The mixing behavior of EG and GL is also studied for the
corresponding ternary systems in the presence of the lipid membrane
surrounded by bulk water. In these systems, CP molecules were also
originally condensed as a thin layer between the DPPC membrane and
water near the interface region. As an example, the initial EG/
membrane/water system is shown in Fig. 1(bottom). Applying the
same MD methodology, we simulate the partitioning behavior of EG
and GL molecules between the lipidic and water environments. Fig. 7
(a-b) shows the time evolution of the distribution of EG and GL in the
corresponding ternary systems at different periods of time. To
improve the snapshot presentation the water molecules are not
shown. As can be seen from Fig. 7, during the first equilibration
periods the major population of the EG and GL molecules prefer to
accumulate on the membrane surface, so that only a small fraction of
the cryoprotector partitioned in the aqueous solution. The further
analysis reveals that the EG and GL molecules interact strongly with
zwitterionic phospholipid headgroups and, therefore, exhibits higher
probability to reside at the DPPC interface.

Fig. 8 shows the time evolution of H-bonding between different
molecular components in the ternary CP/DPPC/water systems.
Similarly to the binary CP/water systems, we first consider H-bonding
between CP-water and CP-CP. H-bonding interactions between all CP
molecules and the DPPC membrane are also analyzed. In addition, H-
bonding of CP with the DPPC membrane is considered separately for
two functional groups of phospholipids which are able to form H-
bonds; namely, for a choline group and carbonyl fragments of a
glycerol moiety. Fig. 8 demonstrates that the total number of H-bonds
between EG (or GL) molecules and water decreases gradually, Fig. 8(a—
b). It is also seen that in the case of EG and GL, H-bonding between CP
molecules itself is also decreased. At the same time, the number of H-
bonds formed between CP and the DPPC membrane tends to increase.
This result demonstrates that the EG and GL molecules favor the
binding to the upper acyl chain and headgroup regions of the DPPC
membrane. Our analysis of the interactions in the CP/DPPC/water
systems shows that chemical nature of this binding is determined by a
number of electrostatic interactions, including H-bonding to the
phospholipid headgroup, and vad-der-Waals CP-lipid interactions.
The H-bonding between EG (or GL) and the membrane is mainly
determined by H-bonding with oxygen atoms of the choline groups of
the phospholipids as seen in Fig. 8(a-b).

Interestingly, the H-bonding analysis suggests that CP and water
molecules compete with each other on the surface of the DPPC
membrane. The basis for this competition is the capability of these
compounds to form H-bonds with lipids. However, amphiphilic
properties of the CP molecules give it more flexible capability to be
attracted simultaneously to both hydrophobic and hydrophilic centers
of the membrane surface. Therefore, CP agents with higher hydro-
philic character, such as EG and GL, are able to bind to certain centers
of the membrane surface preferentially. They displace water leading to
some membrane dehydration.

The time evolution of the mixing dynamics of the CP components
being in contact with the DPPC/water interface is analyzed using the mass
density distribution and the H-bonding analysis. The comparison of the
mixing dynamics in the binary and tertiary systems shows that the mixing
timescale becomes much longer in the case of the ternary systems. We
have analyzed the depletion dynamics of large EG and GL aggregates in the
presence of the lipid membrane during 15-20 ns of the MD simulations.
The simulations show dramatic slowing down of the depletion dynamics
of the CP aggregates. The simulation time seems, however, to be not
enough to ensure adequate MD sampling. These results suggest that the
presence of the lipid membrane introduces the strong competition due to
the intermolecular interactions between lipid and CP, and also between CP
and water. Such a complex mixing behavior of large CP clusters occurring
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Fig. 8. Time evolution of hydrogen-bonding in the EG/DPPC/water (a) and GL/DPPC/
water (b) systems. The EG-water and GL-water (green) curves show the number of H-
bonds between the CP solvents and water. The EG-DPPC and GL-DPPC (red) curves
correspond to the total number of H-bonds between all the CP molecules and DPPC. In
the last case, the H-bonding contributions of the choline and carbonyl groups of the
membrane are plotted separately. The EG-EG and GL-GL (blue) dependencies
correspond to the total number of H-bonds formed between all the CP molecules.
(For interpretation of the references to color in this figure legend, the reader is referred
to the web version of this article.)

in contact with the aqueous/lipid environment may be some reason for
large concentration gradients in cellular cryosolutions.

Based on our MD results it is interesting to note that many properties of
organic CP agents, such as degree and energy of their self-association,
structure and length of H-bond networks are of particular interest for
cryoconservation since these parameters determine the temperature
behavior of cryosolution during freezing. However, mixtures of water with
organic solvents, which have several polar functional groups, have been
much less studied than solutions of monofunctional CP agents [55].
Polyfunctional amphiphilic compounds such as diols and glycerols form a
complex three-dimension network of H-bonds in aqueous solution [17].
Among these polyfunctional solutes, mixtures of ethylene glycol with
water have been most studied in terms of their thermochemical and
thermodynamical properties [56]. However, even for this system the
microstructure of the mixed solvent composition is still not understood
completely. Recent experimental data have provided evidences that
interactions of CP agents with water are concentration-dependent [5-
9,17-19,55]. In addition, the concentration dependence of physical
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properties of CP-water mixtures is found to be non-linear. This
nonlinearity is known for DMSO-water mixtures [57]. It has been noted
that changes of physico-chemical parameters of the DMSO-water
mixtures are characterized by maxima and minima at DMSO molar
fraction Xpmso=0.3+0.4 [58]. The microstructure of the DMSO-water
mixtures has also been studied by neutron diffraction [59]. However, the
influence of DMSO on the microstructure of water solution has not been
discussed in details. It has only been observed that the number of water-
water hydrogen-bonding in these mixtures is decreased compared to that
of in pure water. Numerous experimental and theoretical studies have
provided convenient evidences that aqueous solutions of organic
components are characterized by the microheterogenic structure. The
microheterogeneity of the organic component in such solution is often
accompanied by local concentration fluctuations. On the other hand, the
structure, size and lifetime of these aggregates are still a subject of
intensive investigations and discussions.

Since a lipid bilayer serves as a structural basis for cell membranes, it
is often considered as a primary model for a molecular understanding of
reversible action of small amphiphilic molecules on cellular solution.
This is why it is important to know the mechanism that enables some
organic solvents to be a very effective CP agent. Recently, distribution of
alcohol molecules across a palmitoyloleoylphosphatidylcholine (POPC)
bilayer has been studied by NMR experiments and MD simulations [60].
The results shown that ethanol interacts with a POPC membrane
primarily via hydrophilic interactions, in particular due to the formation
of hydrogen-bonds to the lipid phosphate group. A recent MD
investigation has also supported these results and shows that short-
chain alcohols exhibit some preference to occupy regions near the upper
part of the lipid acyl chains and the phosphatidylcholine headgroups
[33,34,61,62]. Additionally, it has been shown that, in a homologous
series of aliphatic n-alcohols with an intermediate chain length, an
increase in the number of carbon atoms of an alkyl chain (butanol,
pentanol and hexanol) results in a gradual decrease in hydrophilic
solute-membrane interactions, so that a partitioning process and
packing of solute molecules in alcohol/membrane/water systems are
driven mainly by hydrophobic forces [63,64].

4. Conclusions

The mixing behavior of the cryoprotective solvents (DMSO, ethylene
glycol (EG), and glycerol (GL)) in aqueous and aqueous/lipidic environ-
ments is examined employing molecular dynamics (MD) methodology.
We investigated the equilibration timescale which is required to mix a
large CP cluster with water. This timescale is estimated by considering
the depletion dynamics of the CP cluster in pure water and in solution at
an aqueous/membrane interface. The MD analysis has demonstrated
that the bulk DMSO phase mix rapidly with water, so that in the
equilibrium aqueous solution all the DMSO molecules are uniformly
distributed across the MD box. The simulations also confirm that, in the
equilibrium aqueous solution, the DMSO molecules exist as an H-
bonded complex in which one DMSO molecule is simultaneously
bonded with two water molecules. Our investigation of the micro-
structure of the binary solutions containing EG and GL has revealed
however that, despite the CP agents and water being fully miscible in all
proportions, they are not ideally mixed at the molecular level. The EG
and GL solvents, which are introduced as the large cluster into aqueous
solution, tend to preserve their intrinsic structural order upon dilution.
Our MD study shows that the mixing dynamics of between EG (or GL)
and surrounding bulk water is found to be strongly dependent on nature
of hydrophilic and hydrophobic interactions acting between cryopro-
tectant molecules. We have found that the intermolecular interactions
play a decisive role in the mixing of these CP agents with water. The
mixing in the EG/water and GL/water systems is, therefore, controlled
mainly by the rate of desorption of individual CP molecules from the
bulk-like CP cluster. The different amphiphilic nature of the studied CP
solvents results in strong hydrophilic and hydrophobic intermolecular

]
)

B
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Fig. 9. Examples of membrane defects and damages induced by cryoprotector molecules
in the EG/DPPC/water systems.

interactions acting between CP molecules. The depletion of their bulk-
like CP structure is, therefore, occurring at significantly different
timescales. Our MD study demonstrates that, in contrast to the DMSO/
water system, the timescale of the depletion of the EG cluster in pure
water is estimated to be in the order of 50 ns. The solubilization time of
the bulk GL cluster in the surrounding water could not be determined
directly, so that this value could be approximated asymptotically. The
complete equilibration in this binary mixture is therefore expected to
occur in the timescale of the order of microseconds.

The study indicates that the favorable binding of CP aggregates with
the membrane surface results in dramatic slowing down the equilibra-
tion process in the aqueous/lipidic environment. Moreover, the high CP
concentrations appearing during the long-term local contact of a CP
cluster with a membrane surface may be a reason for some disturbance
of the lipid packing and the formation of membrane defects. As a result,
such fluctuations of the local concentration of CP are able to induce the
irreversible damage of cell membranes, which is expected to be the
reason for the cytotoxic effect of cryoprotectant [66]. Such deformations
and damages of the DPPC membrane have indeed been observed for
some of our MD runs as shown in Fig. 9. Further investigation of this
phenomenon will include concentration dependence of cryoprotector-
induced damages of lipid membranes and such simulations are planned
for further studies. Recent MD simulations have also suggested that
small amphiphilic molecules, such as DMSO, may induce the local loss in
integrity of the bilayer structure [31,65]. The current finding of the long-
term microheterogeneity in cryosolutions can stimulate further studies
on identifying an optimal practical application of CP agents in
cryobiology and cryomedicine.
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