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Molecular dynamics (MD) simulations have been used to investigate the interactions of a variety of hydroxylated
cryosolvents (glycerol, propylene glycol and ethylene glycol), methanol and dimethyl sulfoxide (DMSO) in aque-
ous solution with a 1,2-dipalmitoyl-sn-glycero-3-phosphatidylcholine (DPPC) bilayer in its fluid phase at 323 K.
Each cryosolvent induced lateral expansion of the membrane leading to thinning of the bilayer and resulting in
disordering of the lipid hydrocarbon chains. Propylene glycol and DMSO were observed to exhibit a greater
disordering effect on the structure of the membrane than the other three alcohols. Closer examination exposed
a number of effects on the lipid bilayer as a function of the molecular size and hydrogen bonding capacity of the
cryosolvents. Analyses of hydrogen bonds revealed that increased concentrations of the polyhydroxylated
cryosolvents induced the formation of a cross-linked cryosolvent layer across the surface of themembrane bilayer.
This effect was most pronounced for glycerol at sufficiently high concentrations, which displayed a comparatively
enhanced capacity to induce cross-linking of lipid headgroups resulting in the formation of extensive hydrogen
bonding bridges and the promotion of a dense cryosolvent layer across the phospholipid bilayer.

© 2013 Elsevier B.V. All rights reserved.
1. Introduction

Cryopreservation is a viable option for the long-term storage of
vegetatively propagated species and such techniques have been devel-
oped and applied to upwards of 100 plant species world-wide [1,2].
Cryopreservation of flora entails the conservation of plant propagules
by storage at liquid nitrogen temperatures (77 K) such that the natural
metabolic processes are suspended [1–3]. The process of rapid cooling
of biological solutions via cryopreservation techniques allows for rela-
tively normal cellular integrity and function to bemaintainedby promot-
ing the formation of a “glassy” or vitrified state below normal freezing
temperatures [4,5]. However, in practice the process of supercooling
can cause damage to cells through the formation of intra- and extracellu-
lar ice, cell desiccation and phase changes of the cell membranes [1–5].
The addition of cosolutes known as cryosolvents to solutions promotes
the transition of liquid water to an amorphous solid (vitrified) state at
a higher temperature upon rapid cooling [4,5], commonly believed to
be a result of the ability of cryosolvents to increase the viscosity of
water such that the nucleation of water is inhibited [4–8].
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Vitrification in cryopreserved tissues helps to prevent the formation of
extracellular ice, which would otherwise lead to an increase in the extra-
cellular electrolyte concentration, resulting in the redistribution of water
from within the cell to its surrounds via osmosis [9,10]. Severe efflux of
this kind can result in cellular dehydration and shrinkage, leading to the
intracellular solutes becoming more concentrated and potentially in-
creasing the rate of destructive chemical reactions [11]. Cell shrinkage,
which occurs as a result of the external osmotic pressure, creates suction
of the intracellular aqueous phase,which opposes natural intramembrane
repulsion between phospholipids (the major components of cell mem-
branes) to bring membranes closer together. The elasticity of the cell
membrane acts to resist this unfavourable cell shrinkage caused by com-
pressive lateral stresses by stretching the phospholipid acyl tails vertically
resulting in a thickened and more ordered membrane [9]. Whilst the
resulting thickened lipid plane is not understood to result in irreversible
ultrastructural membrane deformation per se, the resulting anisotropic
structural stresses can induce strains that cause changes to themembrane
fluidity (liquid–gel transition) or cause component separation of the cell
membrane to produce the irreversible inverse hexagonal-II phase transi-
tion in domains of weakly hydrating lipid components [9,12].

In contrast to liquid–crystal phase bilayers, the lipids in a gel phase bi-
layer have limited lateral and flip-flopmobility, which hinders the ability
of a cell to reseal membrane tears [11]. Cells subject to freezing temper-
atures have a greater propensity to suffer structural faults [13] and an in-
ability of the membrane to repair such damage can lead to cell elution
and thus cell death [13,14]. In addition to the fluid–gel phase transitions,
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fluid–fluid demixing resulting from compressive lateral stresses can lead
to membrane reshuffling, leading to the aggregation of large-hydrating
components such as intrinsic membrane proteins [15]. As a response
to compressive stresses in the interfacial plane of the membrane, the
resulting low-hydrating domains of lipids adjust to relax the strain by
undergoing inverse hexagonal-II phase transitions [10]. This phase tran-
sition involves lipid headgroups rearranging to surround small, cylindri-
cal water cores on a two dimensional hexagonal lattice [10,15] and has
been shown to cause irreversible damage to the cell membrane by
compromising the essential semi-permeable nature of lipid membranes
[10,14]. Such cell deformation resulting fromdesiccation is recognised as
being one of the major factors hindering the survival of cryopreserved
tissues [16].

The integrity of the cell membrane is thus critical in preventing
cell death as a consequence of freezing damage. The cell membrane
aids in the prevention of extracellular ice extending to the interior of
the cell by acting as a physical barrier, whilst alsomaintaining the differ-
ent concentrations and compositions of intra- and extracellular solu-
tions by providing hydraulic permeability [5,10]. In order to maintain
the structural integrity of cell membranes by avoiding intracellular ice
formation and deleterious phase transitions at freezing temperatures,
it has been shown that the combination of supercooling, depression of
the equilibrium freezing point, dehydration and intracellular vitrifica-
tion must be achieved [5]. Accumulation of cryosolvents at sufficiently
high concentrations within the cellular medium has been shown to
promote the vitrification of water and also modulate the properties of
the cell membrane to aid these processes [10].

Dimethyl sulfoxide (DMSO) is themost commonly used cryosolvent
due to its ability to reduce ice formation in biological solutions [7]
through its capacity to promote the vitrification of water [4,5]. Due to
its dual hydrophilic and hydrophobic nature [17–19], DMSO is highly
soluble in water and can also readily diffuse across a lipid bilayer [20],
and at appropriate concentrations canpartitionwithin an intermembrane
space to limit membrane compression by forming a physical barrier
between lipid headgroups [10]. DMSO is, however, toxic to cells and
minimisation of the exposure time and/or the concentration of DMSO is
a common strategy for the optimisation of cryoprotection protocols
[21]. Atomic-scale molecular dynamics (MD) simulations have provided
insight into the molecular mechanism of the interaction of DMSO with
phosphocholine bilayers in the liquid–crystalline phase [22–29], describ-
ing three distinct, concentration-dependent modes of action: at low
concentrations DMSO induces membrane thinning and thus increases
membranefluidity, at higher concentrations the formation of pores across
the bilayer is observed, and at even higher concentrations constituent
lipids are desorbed from themembrane leading tomembrane disintegra-
tion [23]. The presence of sterols in these phosphocoline bilayers reduces
these deleterious effects [30].

Polyhydroxylated solvents such as propylene glycol (PG), ethylene
glycol (EG) and glycerol (GLY) (see Fig. 1) are common substitutes for
DMSO as cryoprotectants as they exhibit lower toxicity at relative
concentrations [31,32], have an ability to broaden the glass transition
state of water and modulate the properties of cell membranes [33–36].
Differential scanning calorimetry (DSC) measurements of the interaction
of PG with a membrane bilayer have suggested that it has the ability
to enhance bilayer penetration by increasing membrane fluidity [37].
It has also been suggested that EG and GLY act to stabilise the liquid–
crystalline phase of phospholipid bilayers through partitioning be-
haviour to also increase membrane fluidity [34,38,39]. At sufficiently
high concentrationsmethanol (MET), although toxic, has been shown to
Fig. 1. Molecular structures of the hydroxoylated cryosolvents methanol (MET), pro-
pylene glycol (PG), ethylene glycol (EG) and glycerol (GLY).
behave in a similar fashion to these polyhydroxylated solvents by en-
hancing the fluidity of membrane bilayers [34,40–42]. The toxicity of
each of these hydroxylated compounds is concentration dependent,
with GLY and EG being less harmful to cell survival than PG and DMSO
at equivalent concentrations [12,13]. Both DMSO and the alcohols have
been shown experimentally [43–48] to induce lipid phase changes
from the liquid–crystalline phase to the gel phase at sufficiently high
concentrations (10 mol.% DMSO increases such a lipid phase transition
of a DPPC membrane from 314.4 K to 320 K [49]).

One prior MD study has reported investigating PG in the presence
of a pure phospholipid bilayer, describing a strong disordering effect
on the 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC) bilayer as
concentration of PG increases, demonstrating an action comparable
to DMSO [50]. PG was reported to exhibit a high affinity for the pure
DOPC bilayer, intercalating between phospholipid headgroups leading
to significant membrane thinning and lateral expansion comparative
to MET, EG and GLY at the same concentrations [50]. At sufficiently
high concentrations (25.0 mol.%), PG was shown to induce membrane
pore formation whilst the surrounding DOPC bilayer mostly retained
its structural stability [50]. As in the case of DMSO [30], addition of
β-sitosterol reduced the damaging effect of these cryosolvents [50].

Only a few MD simulation studies have characterised bilayer sys-
tems in the presence of GLY, EG and MET [7,34,40,50–52]. With the
exception of the work of Pereira et al. with GLY [34], the previous MD
simulations of pure 1,2-dipalmitoyl-sn-glycero-3-phosphatidylcholine
(DPPC) bilayers in the presence of GLY, EG and MET were in good
qualitative agreement with experimental studies, describing mem-
brane lateral expansion and thinning normal to the plane of the bilayer
when in the presence of each cryosolvent, leading to increased disorder
in the hydrocarbon acyl tail groups of the phospholipids. Pereira et al.
found that GLY (at a concentration of 10.3 mol.%) was essentially
inert with respect to the DPPC bilayer leading to no noticeable change
in membrane structure [34]. The same study described EG (at a con-
centration of 8.5 mol.%) to preferentially aggregate at the phosphate
headgroups of phospholipids [34]. Contrastingly, Kyrychenko et al.
reported that GLY (at a concentration of 6.2 mol.%) preferentially
aggregated at the phospholipid headgroups, whilst EG (at a concentra-
tion of 13.3 mol.%) was shown to exhibit preferential affinity to the
phospholipid glycerol groups towards the bilayer interior [7]. MET was
the only alcohol reported to consistently penetrate the phospholipid
membrane andpartition between headgroups across various concentra-
tions (1 mol.% up to 25 mol.% [29,34,40,50,51]); however, the disparity
in simulation conditions and specific concentrations of MET in the
presence of a lipid bilayer in these MD studies underpins the need for
further investigation to clarify and characterise the specific mode of
action of MET. We have thus conducted a series of MD simulations of
the interactions of these hydroxylated cryosolvents with a DPPC bilayer
to try to develop a consensus of their molecular mechanism of action
across a range of concentrations.

2. System

2.1. Model and simulation details

Fully hydrated DPPC bilayer systems were constructed consisting
of 128 lipid molecules (64 DPPC lipids in each leaflet) in the presence
of 5841 solvent molecules, and all MD simulations were performed
using GROMACS v.3.3.3 [53]. Phospholipids were modelled using the
GROMOS 53A6L [54,55] force-field (which forms part of the GROMOS
54A7 parameter set [56]), water molecules were described by the SPC
potential [57] and the cryosolvents MET, EG, GLY, PG and DMSO were
represented by a united-atom model that forms part of the standard
GROMOS 53A6 and 54A7 force-fields [56,58]. The initial membrane
configurations were taken from pre-equilibrated DPPC membranes
solvated in water at a temperature of 323 K [59]. The total number of
solvent molecules in the system was kept constant at 5841 and with



Fig. 2. APL as a function of time for each cryosolvent at a concentration of 15.0 mol.% in
a 128 DPPC bilayer system.
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each cryosolvent added to the system replacing one water molecule.
The DPPC bilayers were simulated in solutions of cryosolvents at con-
centrations of 2.5, 5.0, 10.0, 15.0 mol.%, corresponding to solutions
containing 146, 292, 584 and 876 cryosolvent molecules, respectively.
A DPPC bilayer solvated in 15.0 mol.% DMSO was not simulated due to
the fact that at 323 K 15.0 mol.% DMSO will induce a phase transition
to the gel phase for a DPPCmembrane [60]. The cryosolvent concentra-
tions were chosen to provide a realistic range for the investigation
of concentration-dependent regimes associated to each cryosolvent,
whilst consistency of concentration across all DPPC-cryosolvent sys-
tems allows for comparison between the effects of the cryosolvents at
equivalent concentrations. In addition, to provide a comparison with
previouswork, a DPPC system containing 25.0 mol.%METwas also sim-
ulated, and two additional intermediate concentrations of GLY at 7.5
and 12.5 mol.% were simulated to clarify observed behavioural trends
unique to this alcohol. The bilayers lie in the xy plane with the bilayer
normal parallel to the z-axis.

The lipid and solvent molecules were weakly coupled separately
to a temperature bath at 323 K using the Berendsen thermostat [61]
with a coupling time constant of 0.1 ps, and the bath temperature
for all simulations was maintained at this temperature. Pressure was
maintained at 1 bar such that the x/y- and z-axes of the simulation
box were independently coupled to a Berendsen barostat [61] with a
time constant of 1.0 ps. Accordingly, the height of the simulation box
and the cross sectional area were allowed to vary independently of
each other, thereby allowing the surface area of the bilayer and the dis-
tance between the interfaces to fluctuate independently.

The non-bonded Lennard–Jones interactionswere calculated using a
twin-range cut-off: interactions at a distance within 0.8 nmwere calcu-
lated every step and interactionswithin 1.4 nmwere updated every five
time steps along with the pair list. Long-range electrostatic interactions
were computed using a reaction-field correction where the relative
dielectric permittivity constant (εRF = 62) was appropriate for SPC
water. The equations of motion were integrated using the leap-frog
algorithm [62] with a time step of 2.0 fs. All systems were simulated
for a total of 200 ns, with the final 60 ns of the simulations used for anal-
ysis. The atomic coordinates and velocities were saved every 2 ps for
analysis.

2.2. Data analysis

The area per lipid (APL) describes the average area occupied by
each individual lipid at a given frame in a simulation, and was calcu-
lated via the Voronoi analysis [63]. The standard deviation of APL
measurements was calculated for each system and factored into the
final APL result as the statistical error.

The average mass density profile (MDP) across the bilayer was
determined by separately analysing each frame across the equilibrated
sample set. Computation of the centres of mass for the two lipid mono-
layers allows for determination of the centre of the bilayer (ie. the z
component), and the positions of all atoms of interest were taken into
account with respect to this centre [64]. The thickness of the bilayer
was calculated as the distance between the average peak heights of
phosphate MDPs for each system. Bulk-to-peak height ratios were
calculated from the trough and peak number density values for each
cryosolvent in a given system.

Radial distribution functions (RDF) between choline and glycerol
groups of the phospholipids and water molecules were calculated in-
dividually [64] between water and the nitrogen and carbonyl oxygen
groups of choline and glycerol respectively. The first solvation shell
was defined as the point of the first local minimum in the resulting
RDFs found: 0.64 and 0.32 nm for the choline and the glycerol groups,
respectively. The coordination numbers of water molecules to the lipid
groups are defined as the average number of water molecules found
in the first solvation shells. The deuterium order parameter, SCD, de-
scribes the relative orientation of carbon-deuterium (C–D) bonds of
the phospholipid hydrocarbon tail groups with respect to the bilayer
normal and is calculated from

SCD ¼ 1=2 3 cos2θ–1
� � ð1Þ

where θ is the angle between a C–D of a methylene group in the hydro-
carbon chain and the bilayer normal [22,64]. As the lipidmodel used is a
united-atom model the deuterium atom position is determined from
the position of neighbouring carbons in the hydrocarbon chains and as-
suming a tetrahedral geometry of the methylenes [22,64].

Hydrogen bonding of cryosolvents andwater molecules to the DPPC
phosphate and glycerol groups was defined as a hydrogen–acceptor
distance shorter than 0.35 nm and a hydrogen–donor–acceptor angle
with a cut-off of 30° [34]. All the oxygen atoms of the phosphate and
glycerol groups of DPPC lipids were considered as hydrogen-bond ac-
ceptors, and all the hydroxyl groups of cryosolvents were considered
as hydrogen-bond donors and acceptors.

The hydrogen bonding affinity (HBA) was defined as the average
number of hydrogen bonds per molecule, and where indicated was
normalised for the total number of hydrogen bond donor and acceptor
groups in each molecule.

3. Results and discussion

Monitoring the time evolution of the area per lipid (APL) of mem-
brane systems is recognised as an appropriate proxy for system equil-
ibration. It was observed that, in the absence of cryosolvents, the APL
of the DPPC bilayer was 0.622 ± 0.009 nm2, a result very close to the
published experimental value for DPPC in the liquid crystalline phase
at 323 K (0.628 nm2) [65], and well within the range of reported ex-
perimental values for DPPC under these conditions (0.57–0.717 nm2)
[55]. Addition of cryosolvents into the DPPC bilayer system led to an
initial rapid increase in APL for approximately the first 10–25 ns,
before increasing steadily to a new, adjusted equilibrated state (see
Fig. 2). The initial increase is likely to reflect the favourable driving
force associated with the replacement of water molecules at the
bilayer surface by cryosolvent molecules, leading to interaction and
aggregation at the membrane interface as opposed to remaining in
the bulk solution [34,51,52]. The subsequent steady increase reflects
the gradual equilibration of each system, further enhancing the affinity
of the cryosolvents for the membrane. This equilibration period was
measured to last up to 100 ns (15.0 mol.% GLY). The required length
of equilibration time of these systems and their propensity to fluctuate
as a consequence of statistical variation highlight the necessity to run
these simulations for an extended period of time.

The average APL and membrane thickness trends observed for a
DPPC bilayer in the presence of each cryosolvent are summarised in
Table 1. It can be seen that addition of all the species induces an in-
crease in APL across the investigated concentrations due to the
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Fig. 4. Comparison between the effects of alcohols and DMSO on DPPC membrane
thickness (measured as the average distance between phosphate headgroups between
the two leaflets) as a function of concentration of cryosolvent.

Table 1
DPPC membrane thickness (measured as the average distance between phosphate
headgroups between the two leaflets) and APL as ameasure of cryosolvent concentration.

Cryosolvent Concentration
[mol.%]

dmembrane

[nm]
APL
[nm2]

% APL increase

None 0 3.70 ± 0.03 0.622 ± 0.009 0
MET 2.5 3.65 ± 0.05 0.649 ± 0.011 7.1

5.0 3.56 ± 0.05 0.676 ± 0.011 8.6
10.0 3.43 ± 0.06 0.731 ± 0.017 17.5
15.0 3.30 ± 0.06 0.785 ± 0.015 26.2
25.0 3.09 ± 0.06 0.843 ± 0.019 35.5

EG 2.5 3.60 ± 0.06 0.660 ± 0.013 6.1
5.0 3.42 ± 0.06 0.702 ± 0.013 12.9
10.0 3.31 ± 0.05 0.745 ± 0.016 19.8
15.0 3.23 ± 0.05 0.777 ± 0.017 24.9

PG 2.5 3.47 ± 0.05 0.705 ± 0.013 13.3
5.0 3.32 ± 0.06 0.756 ± 0.016 21.5
10.0 3.12 ± 0.05 0.846 ± 0.015 36.0
15.0 3.02 ± 0.04 0.902 ± 0.015 45.0

GLY 2.5 3.57 ± 0.07 0.664 ± 0.014 6.8
5.0 3.44 ± 0.04 0.707 ± 0.011 13.7
7.5 3.42 ± 0.07 0.719 ± 0.017 15.6
10.0 3.28 ± 0.05 0.759 ± 0.011 22.0
12.5 3.25 ± 0.04 0.772 ± 0.017 24.1
15.0 3.27 ± 0.05 0.774 ± 0.013 24.4

DMSO 2.5 3.54 ± 0.07 0.702 ± 0.013 12.8
5.0 3.49 ± 0.07 0.772 ± 0.014 16.1
10.0 3.55 ± 0.09 0.850 ± 0.017 36.6
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lateral expansion of the bilayer. This trend is complemented by a
decrease in membrane thickness normal to the plane of the bilayer,
dmembrane, in all bilayer systems in the presence of the alcohols.
These observations suggest that lateral expansion and thinning of the
bilayer are induced by the addition of each cryosolvent, which is in
good qualitative agreement with experimental observations for the al-
cohols [35–39,42].

The effect of changing the concentration of cryosolvents on the
APL of the DPPC bilayer is illustrated in Fig. 3. It is apparent that the
different cryosolvents appear to fall into two groups based on consid-
erable overlap between the APL trend lines: PG and DMSO form one
group and the remaining three alcohols, MET, EG and GLY, form the
other. Addition of PG and DMSO is observed to induce lateral expan-
sion of the membrane which is higher than for MET, EG and GLY,
consistent with our recent report of the effect of these cryosolvents
on DOPC membranes at 350 K [50]. It should be noted that DMSO
concentrations of 10.0 mol.% are reported to cause the bilayer to under-
go a phase transition to the lipid gel phase at 320 K [49], hence the APL
results beyond 10.0 mol.% DMSO are not included. The trends observed
in Table 1 for the membrane thickness complement the APL findings,
indicating that PG has a greater ability to thin a DPPC membrane than
the other three hydroxylated compounds at equivalent concentrations.
Under the same conditions, DPPC bilayers in the presence of DMSO at
Fig. 3. APL as a function of cryosolvent concentration (up to 15.0 mol.%) in a 128 DPPC
bilayer system.
concentrations of 10.0 mol.% are observed to undergo relatively pro-
nounced distortion, resulting in decreased regularity across the bilayer
surface. As a consequence, an increase in the average membrane thick-
ness for DPPC bilayers in the presence of DMSO is observed between 5.0
and 10.0 mol.%, though this value is suitably compromised by its stan-
dard error (see Fig. 4).

Exact comparisons of APL predictions in previous MD studies can-
not be made due to dissimilar system conditions; however, associa-
tions can be inferred based on their relative concentrations. Earlier
studies described a greater influence of MET on the APL at lower con-
centrations (6% increase at ~1.0 mol.%) [29,40], but a less pronounced
effect at increasing concentrations (15% increase at 11.3 mol.%, and
27% increase at 23.5 mol.%) [34,51]. Previous MD simulations of DPPC
bilayers in the presence of EG and GLY within the analysed concentra-
tion range indicated comparatively marginal APL increases to those ob-
served here, with predictions of 7% and 2% increase in APL for 13.3 mol.%
EG and 10.3 mol.% GLY [7,34], respectively, whilst at concentrations
below 10.0 mol.% both cryosolvents produced up to a 3.1% increase in
APL at concentrations of 8.5 mol.% and6.2 mol.% for EG andGLY, respec-
tively [7,34]. MD simulations of a DPPC bilayer in the presence of DMSO
at 325 K showed an ~11% increase in the APL for 5.00 mol.% DMSO [29]
and coarse grained simulations running beyond 240 ns at 323 K have
indicated that APL increases are observed for all investigated concentra-
tions of DMSO up to 27.0 mol.% [27].

It is possible that the shorter simulation times of previous MD
studies contribute to the observed discrepancies, with Kyrchenko et al.
conceding that the total simulation time of 15 ns for their investigation
was not sufficient for adequate MD sampling [7], whilst Pereira et al.
allowed only 9 ns for equilibration for rather short 15 ns simulations,
and Pinisetty et al. and Patra et al. defined ~15 ns and 20 ns equilibration
times respectively for 50 ns simulations. However, it must be reiterated
that the systems described in previous reports are distinct (as a conse-
quence of using different force-field parameter sets, concentration re-
gimes and simulation times) from those studied here and quantitative
discrepancies are thus to be expected. Qualitatively, however, the action
of each alcohol is consistent with these MD studies, whereby addition of
each cryosolvent to a DPPC bilayer system led to membrane lateral ex-
pansion and thinning in the plane normal to the bilayer.

Themass density profile (MDP) perpendicular to the plane of a DPPC
membrane describes the time averaged mass densities of cryosolvents,
water andphospholipids across the bilayer normal, fromwhich it is pos-
sible to obtain information about the structural stability of the lipid
bilayer and the diffusional profile of water and cryosolvents across the
membrane [7,23,34]. The MDPs of a DPPC bilayer in solutions of PG at
different concentrations are illustrated in Fig. 5 (A–D), with the constit-
uent phosphate groups of the bilayer included as a point of reference. At
low concentration of PG (2.5 mol.%), it is evident that there is minimal
structural disordering of themembrane as the characteristic DPPC bilay-
er profile is largely retained. As concentration is increased to 10.0 and
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Fig. 5. MDPs perpendicular to the plane of the DPPC bilayers in solutions of (A) 0, (B) 2.5, (C) 10.0 and (D) 15.0 mol.% PG, and (E) 10.0 and (F) 15.0 mol.% GLY.
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15.0 mol.% the structural disordering of themembrane bilayer becomes
increasingly evident, as characterised by widened phosphate profiles
and a flattening of the DPPC profile. A thinning of the membrane is
also observed between MDPs, which is consistent with the calculated
APL and membrane thickness measurements. At these concentrations
the greatest concentration of PG is to be found just above the position
of thephosphate headgroups, suggesting that PGhas a greater aggregat-
ing tendency at this region and could be the result of PG saturation at
the lipid ester regions.

TheMDPs shown in Fig. 6 suggest that all cryosolvents at 10.0 mol.%
aggregate preferentially towards the lipid/water interface of the bilayer,
and this result is consistent across all investigated concentrations of
cryosolvents. DPPC bilayers in the presence of MET, EG, GLY and DMSO
are noted to retain some structural ordering at this concentration,
as evidenced by the characteristic peaks at the lipid/water interfaces
(representative of phospholipid headgroups) and the trough towards
the bilayer interior (representative of the hydrocarbon tail groups). PG
(and DMSO) is also noted to exhibit a greater preferential aggregating
tendency for the interior of the bilayer immediately past the phosphate
groups than for the lipid/water interface. At concentrations of 15.0 mol.%
for the three alcohols (results shown in the Supporting information), this
characteristic profile for DPPC is slightly diminished, but still prevalent.
On the other hand, in the presence of 10.0 mol.% PG, the relative struc-
tural ordering of the DPPC bilayer appears to have been substantially
compromised, as illustrated by a comparatively level profile. Unlike the
hydroxylated cryosolvents, evidence of DMSO and water penetration
through the bilayer at 10.0 mol.% is illustrated by non-zero DMSO and
water profiles at the bilayer centre.

As a comparison to the action of PG on a DPPC bilayer at high con-
centrations, Fig. 6, E and F illustrates that high concentrations of GLY
largely retain the characteristic peaks and troughs of the DPPC profile,
indicating that structural ordering of the bilayer is relatively less
compromised compared with PG.

The number density profile for each cryosolvent in Fig. 7 illustrates
the comparative preferential affinity of each alcohol to the bilayer for
the tested concentrations. It is observed that at lower concentrations
(2.5 and 5.0 mol.%), GLY displays a stronger tendency to aggregate
preferentially at the external region of the bilayer than PG, EG, MET
and DMSO, in that order respectively. At these concentrations PG, MET
andDMSO are shown to also aggregate towards the region immediately
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Fig. 6.MDPs perpendicular to the plane of the DPPC membranes without cryosolvent, and in the presence of (A) no cryosolvent, and (B) MET, (C) EG (D) GLY, (E) PG, and (F) DMSO,
at 10.0 mol.%.

2046 C.J. Malajczuk et al. / Biochimica et Biophysica Acta 1828 (2013) 2041–2055
below the phosphate groups of the bilayer, indicated by two distin-
guishable peaks at either side of the DPPC bilayer. Such behaviour is
consistent with prior MD simulations of MET and DMSO at this concen-
tration range [22,23,40,50], and is a likely consequence of PG, MET and
DMSO having a greater hydrophobic character relative to EG and GLY,
allowing for increased penetration towards the hydrocarbon lipid chains
[23]. At higher concentrations of cryosolvents (10.0–15.0 mol.%), EG and
GLY appear to retain a strong, analogous aggregating tendency to the
outer surface regions of the bilayer, whilst MET and PG preserve some
affinity for the interior groups of the phospholipids but largely share
this preference for the lipid/water interface. As concentration of the
alcohols increases, the central hydrophobic region of the bilayer becomes
increasingly infiltrated by cryosolvent molecules, with PG and MET
exhibiting a greater capacity to permeate into this region than GLY and
EG. Across all concentrations the centre of the bilayer remains nonethe-
less predominantly free from alcoholmolecules. DMSO by contrast is ob-
served to permeate much further, and in greater quantities, towards the
interior of themembrane bilayer at 10.0 mol.% compared to the alcohols,
such that a cryosolvent-free zone at the centre of the bilayer cannot be
detected.
The aggregating tendency of each alcohol to the lipid bilayer is
illustrated in Fig. 8, A–D, mirroring the density profile results. At
concentrations of 2.5 mol.% there is a noticeable layer of GLY mole-
cules across the bilayer surface relative to the other cryosolvents.
The cryosolvent bulk-to-peak height ratios in Table 2 are related to
the tendency of each cryosolvent to be found aggregating at the bi-
layer interface region as opposed to being in the bulk solution. Across
all concentrations it is evident that GLY exhibits the strongest tendency
to aggregate at the lipid/water interface, with PG, EG, DMSO and MET
exhibiting a lower aggregating tendency to the bilayer, in that order
respectively. For the alcohols analysed, the aggregation tendency trends
of these alcohols with the DPPC bilayer appear to be related to molecu-
lar size and number of hydroxyl groups. Fig. 8, E and F illustrates the
contrasting capacity of PG and GLY, respectively, to maintain the struc-
tural integrity of a bilayer at 15.0 mol.%.

Investigation of the average coordination of nitrogen atoms of the
lipid headgroups by water molecules can provide information about
the solvation of the bilayer at the lipid/water interface [66]. Fig. 9
shows the water coordination of the nitrogen atoms of lipid phosphate
groups for the different cryosolvents as a function of concentration. A
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Fig. 7. The number density profiles for each concentration of cryosolvent in the DPPC bilayer system.

2047C.J. Malajczuk et al. / Biochimica et Biophysica Acta 1828 (2013) 2041–2055
steady decline in the coordination number is observed for all systems as
the cryosolvent concentration is increased, indicating that the lipid
headgroups are being dehydrated. For the alcohol species, this level of
dehydration is shown to depend upon the number of hydroxyl groups
present in each cryosolvent molecule, whereby the greater the number
of hydroxyl groups the greater the displacement of water molecules.
Interestingly, despite the inability of DMSO to form hydrogen bonds
to lipids, the build-up of DMSO at the bilayer interface causes water
molecules to be displaced, leading to a reduction in the number of
water molecules that are hydrogen bonded to the DPPC molecules.

The average coordination of the carbonyl oxygen atoms of the
lipid ester groups bywatermolecules provides insight into the solvation
of the glycerol region of the bilayer. The results in Table 3 show the
water coordination of one of the carbonyl oxygen atoms in the presence
of cryosolvents as a function of concentration, and highlights the ability
of each alcohol to readily displace water molecules at these regions,
with GLY having the most pronounced effect on water displacement
across all concentrations, followed by PG, EG and MET in that order re-
spectively (a similar result is observed for the second ester group of the
lipid; not shown). Comparatively, DMSO cannot hydrogen bond with
these regions hence the reduced capacity of DMSO to replace water
molecules at these sites relative to the alcohols.

Fig. 10 illustrates the deuterium order parameter, SCD, of the sn-2
phospholipid chains for bilayer systems in the presence of cryosolvents
at different concentrations. The ordering of the phospholipid chains
decreases as the concentration of MET increases — a trend described
as indirectly proportional to the increasing APL, affordingmore flexibil-
ity to the lipid acyl tails and leading to membrane thinning [29]. A
similar trend is noticed for the ordering of acyl chains of the lipids
with added EG and PG, with the ordering of the chains decreasing as
the alcohol concentration increases up to 10.0 mol.%. The ordering of
the 15.0 mol.% systems shows little change from the 10.0 mol.% sys-
tems. Similar behaviour is also seen for the GLY systems, with the
ordering of the acyl chains decreasing steadily up to a concentration
of 10.0 mol.%, but above this point the ordering of the acyl chains is
not depressed any further and, in fact, an increase in ordering of carbons
2–4 is observed. This behaviour of GLY is clarified in the subsequent par-
agraphs of this discussion via detailed analysis of the hydrogen bonding
tendencies for the cryosolvent.

In the presence of each cryosolvent, the average number of hydro-
gen bonds between water molecules and the constituent phospholip-
id headgroups is inferred to decrease as the concentration of alcohol
increases (Table 4). These observations are consistent with the com-
puted coordination numbers (Table 3), suggesting that membrane
dehydration occurs as a consequence of the interactions with the
cryosolvent. At 10.0 mol.% DMSO is shown again, in Table 4, to have
relatively lower capacity to dislodgewater from lipid hydrogen-bond ac-
ceptor atoms in comparison to the results for hydroxylated cryosolvents.
Compared to the investigated alcohols, the inability of DMSO to hydro-
gen bond to the lipid bilayer at these sites of inducedwater displacement
could indicate that the alcohols are less damaging to the DPPC bilayer
than DMSO.

Analysis of the data in Table 4 shows that as the concentration of
each hydroxylated cryosolvent increases, hydrogen bonding between
these cryosolvents and constituent lipid groups increases, as expected.
Converse to other polyhydroxylated cryosolvents, PG is shown to form
more hydrogen bonds with the glycerol regions relative to the phos-
phate regions at 2.5 mol.%; however, this behaviour reverses as concen-
tration increases to 15.0 mol.%. In agreement with the density profiles
for PG and MET, the average hydrogen bonding of these cryosolvents
at 2.5 mol.% suggests that they diffuse past the phosphate headgroups
with greater ease than EG and GLY to display an aggregating tendency
at the glycerol regions of the bilayer. For PG andMET, hydrogen bonding
is not specifically the underlying interaction driving them towards
these more-submerged glycerol regions of a bilayer, but rather it is
the substitution of water molecules from these regions that results
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Fig. 8. Configuration snapshots taken from simulations of a DPPC bilayer in the presence of 2.5 mol.% (A) MET, (B) EG, (C) PG, (D) GLY, and 15.0 mol.% (E) PG, and (F) GLY. MET, EG,
PG and GLY are coloured green, pink, orange and blue, respectively. All phospholipid phosphate groups are coloured red, and the phospholipid tail groups are coloured cyan.
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in a favourable change in free energy [34]. Low concentrations of
MET and PG (2.5 mol.%) thus result in a slight preferential tendency
of these molecules to aggregate and hydrogen bond at the ester re-
gions of lipid glycerol headgroups as a reflection of this favourable
free energy change. A similar behaviour for MET at low concentra-
tions has been reported earlier [29,40], suggesting that, as a conse-
quence of this behaviour, the action of MET is to provide stability to
the dehydrated bilayer via intercalation at the interior ester region
of the phospholipids.
The only other MD simulation study of MET interacting with a
DPPC bilayer at high concentrations (23.5 mol.%, [34]) suggested that
the tendency of this alcohol to aggregate at the ester regions of the bi-
layer ismaintained, leading to lateral pressure on themembrane bilayer
due to an increased number of MET molecules vying for the non-polar
regions of the membrane interior, inducing frequent transmembrane
crossing events as a consequence of the compromised structure of the
membrane [34]. However, in this study of MET a shared hydrogen
bonding preference to both lipid acceptor sites is largely maintained
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Table 3
Water coordination numbers for carbonyl oxygen of the DPPC glycerol head group as a
function of mol. percentage of each cryosolvent.

Cryosolvent Concentration [mol.%]

0 2.5 5 10

MET 1.8 ± 0.1 1.6 ± 0.1 1.5 ± 0.1 1.3 ± 0.1
EG 1.8 ± 0.1 1.4 ± 0.1 1.3 ± 0.1 1.1 ± 0.1
PG 1.8 ± 0.1 1.4 ± 0.1 1.2 ± 0.1 1.0 ± 0.1
GLY 1.8 ± 0.1 1.3 ± 0.1 1.0 ± 0.1 0.8 ± 0.1
DMSO 1.8 ± 0.1 1.7 ± 0.1 1.7 ± 0.1 1.6 ± 0.1

Table 2
Bulk-to-peak height ratios of the cryosolvents MET, EG, PG and GLY in DPPC bilayer
systems.

Cryosolvent Concentration [mol.%]

2.5 5.0 10.0 15.0

MET 1.21 1.21 1.14 1.11
EG 2.63 2.28 1.76 1.44
PG 3.29 2.78 2.03 1.58
GLY 5.94 3.55 2.34 1.65
DMSO 2.51 2.01 1.39 –
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at high concentrations, whilst an aggregating tendency of the alcohol
towards the phosphate headgroups appears to prevail at concentrations
beyond 10.0 mol.%, resulting in a relatively less pronounced decrease in
structural ordering of the bilayer and thus fewer transmembrane crossing
events (three cryosolvent molecules were observed to cross the mem-
brane at 25.0 mol.% during a 60 ns period). Similar to MET, an aggregat-
ing affinity shift from the glycerol to the phosphate groups is observed for
PG at concentrations of 5.0 mol.% and above (up to 15.0 mol.%). Such a
change can be seen from the relative increase in cryosolvent–phosphate
hydrogen bonding. It is proposed that the observed binding affinity
shift is the result of an increase in disorder of the membrane structure
(evidenced by Fig. 10), leading to enhanced accessibility of the phosphate
groups to the cryosolvents, relative to the glycerol groups.

Despite a change in the preferential aggregation tendency of MET,
continuous membrane lateral expansion and thinning resulting in a
steady decrease in membrane structural ordering at concentrations
up to 25.0 mol.% suggest the existence of one largely consistent
concentration-dependent regime for this cryosolvent. Preferential
aggregation of MET stemming from the glycerol regions of a bilayer
outwards to the phosphate headgroup regions leads to solvent re-
placement by MET at both sites of the bilayer (as shown in Table 3)
resulting in membrane expansion laterally and membrane thinning
longitudinally to reduce structural order of the membrane bilayer.
As concentration is increased from 2.5 mol.% up to 25.0 mol.%, available
hydrogen bonding sites at the ester regions of phospholipids become
largely occupied by MET molecules such that the resulting solvent re-
placement at the bilayer surface induces further lateral expansion and
thinning of themembrane and thus continues to decrease the structural
order of the bilayer. At 25.0 mol.%, localised sections of the bilayer be-
come compromised enough to allow rare transmembrane crossing
events; however, the overall structure of themembrane remains intact.

Many of the reported effects in this study ofMET interactionwith the
lipid bilayers (including significant lateral expansion of the membrane,
continuous decrease in the order of acyl chains, penetration of MET
Fig. 9. Water coordination numbers for nitrogen atoms in the DPPC headgroups as a
function of molar concentration of each cryosolvent.
beyond the lipid/water interface, and extensive substitution of water at
hydrogen bonding sites of the bilayer) are typical of “alcohol-like”behav-
iour [34]. However, the change in the bilayer surface at increased
concentrations of MET (>10.0 mol.%) characterised by more extensive
substitutions of water molecules at the phosphate groups of the bilayer
challenge the predefined notions attributed to alcohol-like behaviour,
and provide a more detailed understanding of the action of MET in the
analysed concentration range.

The average number of hydrogen bonds shown in Table 4 provides
evidence consistentwith analyses of density profiles to suggest an inabil-
ity of EG andGLY across all concentrations to penetrate as deeply asMET
and PG between phospholipids, resulting in greater hydrogen bonding
and thus water substitution at the phosphate headgroups of the bilayer
interface than at the glycerol headgroups. This tendency is consistent
with studies conducted for these species at lower concentration regimes
[7] and is indicative of the greater hydrophilic character of EG and GLY,
allowing for a competitive advantage to displace higher polarity species
such as water at the lipid/water interface of the bilayer [52].

Visual inspection of the 15.0 mol.% EG, PG and GLY systems, reveals
dual bonding of individual cryosolvent molecules to one phospholipid
headgroup, either at two glycerol moieties or between the phosphate
and one glycerol moiety (Fig. 11, A and B), leading to ordering effects
of the acyl chains. The effect of the observed hydrogen bonding capacity
of these cryosolvents partially explains how structural disordering of the
phospholipid acyl chains is less significant at increased concentrations.

Lipid cross-linking via the cryosolvent molecules PG and EG was
infrequently observed at concentrations of 15.0 mol.%, either via two
phosphate groups of different phospholipid or via two glycerol groups
(Fig. 11, C and D respectively) with a relatively marginal effect on lipid
ordering. Upon cross-linking of these molecules between glycerol moi-
eties of different phospholipids (Fig. 11, D), the cross-linked molecule
was observed to be “shielded” from approaching solvent molecules
via hydrophobic interactions between the choline group of each linked
phospholipid and the hydrophobic regions of the cryosolvents. GLY
molecules were observed to interact with multiple phospholipids at
the ester sites of the acyl chains to induce lipid cross-linking in a similar
fashion to PG and EG, but predominantly between the terminal hydroxyl
groups of the cryosolvent (Fig. 11, E and F).

The specific bridging of lipids at ester sites via GLY molecules is
proposed to induce a greater effect on lipid acyl chain ordering than
EG and PG as a consequence of the increased distance between linked
phospholipids resulting from the comparatively larger size of GLY
molecules, and the fact that GLY molecules exhibit an extra hydrogen-
bonding donor group that is capable of favourably orientating towards
approaching cryosolvent molecules. In comparison to PG and EG, the
GLY-induced bridging effect does not require “shielding” of a non-polar
cryosolvent group from the attached choline headgroups, likely resulting
in less molecular strain on the interacting phospholipids to allow for
greater ordering of the lipid acyl chains.

The average number of hydrogen bonds per molecule of the
cryosolvents to the phosphate and glycerol groups in the DPPC bilayer
(Table 5) is consistentwith the visual analysis of specific binding events,
revealing that EG, PG and GLY form more than one hydrogen bond per
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Table 4
Average total number of hydrogen bonds between the cryosolvents (MET, EG, GLY and DMSO) and water with the glycerol and phosphate head groups of a DPPC bilayer, calculated
for each 60 ns simulation of a DPPC bilayer in the absence or presence of different cryosolvents.

Cryosolvent Cryosolvent concentration [mol.%]

0 2.5 5 10 15 25

MET
MET–glycerol 0 22 ± 3 39 ± 6 65 ± 14 84 ± 7 114 ± 8
MET–phosphate 0 17 ± 4 33 ± 5 61 ± 14 88 ± 8 125 ± 9
Water–glycerol 301 ± 10 296 ± 17 271 ± 14 269 ± 9 239 ± 10 214 ± 10
Water–phosphate 409 ± 11 409 ± 16 392 ± 8 360 ± 8 340 ± 10 259 ± 9

EG
EG–glycerol 0 42 ± 5 71 ± 6 102 ± 8 126 ± 8
EG–phosphate 0 50 ± 6 90 ± 8 142 ± 11 173 ± 9
Water–glycerol 301 ± 10 275 ± 12 224 ± 18 241 ± 18 209 ± 19
Water–phosphate 409 ± 11 343 ± 15 318 ± 13 282 ± 11 218 ± 11

PG
PG–glycerol 0 61 ± 6 92 ± 8 112 ± 10 164 ± 10
PG–phosphate 0 54 ± 6 104 ± 8 133 ± 11 197 ± 10
Water–glycerol 301 ± 10 253 ± 16 256 ± 12 191 ± 11 165 ± 12
Water–phosphate 409 ± 11 356 ± 19 311 ± 10 256 ± 11 234 ± 10

GLY
GLY–glycerol 0 60 ± 6 108 ± 7 140 ± 7 162 ± 10
GLY–phosphate 0 89 ± 9 144 ± 8 208 ± 10 232 ± 9
Water–glycerol 301 ± 10 275 ± 12 224 ± 18 241 ± 11 209 ± 17
Water–phosphate 409 ± 11 343 ± 18 318 ± 7 282 ± 13 218 ± 10

DMSO
–Water–glycerol 301 ± 10 301 ± 11 292 ± 12 290 ± 10
–Water–phosphate 409 ± 11 391 ± 11 374 ± 12 353 ± 13

Fig. 10. Deuterium order parameters for sn-2 chains for DPPC bilayer systems in the presence of (A) MET, (B) EG, (C) PG, and (D) GLY across a range of concentrations.
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Fig. 11. Snapshots taken from the y-direction of (A) an EGmolecule interactingwith the two glycerol moieties of one DPPC phospholipid, (B) a PGmolecule interacting with one glycerol
moiety and one phosphatemoiety of one DPPC phospholipid, (C) cross-linking of twoDPPC phospholipids at their respective phosphate groups via a PGmolecule, (D) cross-linking of two
DPPC phospholipids at their glycerol groups via an EG molecule, and (E) cross-linking of phospholipids via a GLY molecule interacting with two DPPC phospholipids. A snapshot of the
same cross-linking event involving GLY taken from the z-direction is shown in (F). All oxygen groups are coloured in red, hydrogen groups in white, carbon groups in grey, phosphate
groups in gold, and nitrogen groups in blue.
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molecule with the glycerol and phosphate regions of the bilayer, across
all tested concentrations. MET can only form one hydrogen bond per
molecule to each region of the bilayer and thus these results have
been omitted from Table 5. Across all concentrations, each cryosolvent
is shown to form more hydrogen bonds per molecule with the glycerol
regions of the lipid bilayer than the phosphate regions. It is observed
that as concentration increases beyond 2.5 mol.% for each cryosolvent
species, bridging between lipid phosphate headgroups decreases dra-
matically — a possible outcome of the increased number of competing
cryosolvent molecules inhibiting dual-binding events. The dependence
of cryosolvent hydroxide groups per molecule available to hydrogen
bond is highlighted in Table 4, whereby GLY is observed to be more
capable of inducing more hydrogen bonds per molecule than EG and
PG, which are shown to share relatively analogous hydrogen bonding
results for both regions of the lipid bilayer. As concentration of GLY
increases to 15.0 mol.%, a decline in the number of hydrogen bonds to
the glycerol headgroup per GLY molecule is observed, suggesting a
decrease in the capacity for GLY molecules at these concentrations to
induce multiple binding — again, a possible outcome of competing
cryosolventmolecules inhibitingmultiple-binding events at this region.
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Table 5
The average number of hydrogen bonds that a cryosolvent molecule hydrogen bonded
to the DPPC bilayer forms with the glycerol and phosphate groups, calculated and av-
eraged from 10 snapshots across a 60 ns period.

Cryosolvent Cryosolvent concentration [mol.%]

2.5 5 10 15

EG
EG–glycerol 1.34 ± 0.2 1.64 ± 0.1 1.50 ± 0.1 1.57 ± 0.1
EG–phosphate 1.42 ± 0.2 1.03 ± 0.1 1.09 ± 0.1 1.01 ± 0.1

PG
PG–glycerol 1.32 ± 0.1 1.65 ± 0.1 1.54 ± 0.1 1.57 ± 0.1
PG–phosphate 1.40 ± 0.1 1.04 ± 0.1 1.11 ± 0.1 1.02 ± 0.1

GLY
GLY–glycerol 2.65 ± 0.2 2.58 ± 0.1 2.37 ± 0.1 1.89 ± 0.1
GLY–phosphate 1.08 ± 0.1 1.04 ± 0.1 1.05 ± 0.1 1.24 ± 0.2
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The results of Table 5 are consistent with the analysis of hydrogen
bonding between the polyhydroxylated cryosolvents and lipid
headgroups (Table 6), which reveals that specific dual-, and for
GLY, triple-hydrogen bonding of individual cryosolvent molecules to
multiple sites on one phospholipid or multiple phospholipids, occurs
more frequently as concentration of cryosolvent increases, but decreases
relative to the number of single-binding events. It is shown that GLY
molecules induce more dual-hydrogen bonding events than PG and EG
across all concentrations, with approximately half of all interacting
GLY molecules being involved in multiple hydrogen bonding at each
concentration. A steady increase in multiple bonding between individu-
al cryosolvent molecules and phospholipids occurs between 2.5 and
10.0 mol.% for all cryosolvents, before a relatively small increase in mul-
tiple hydrogen bonding of phospholipids (or none at all) is observed at
15.0 mol.%. This finding for 15.0 mol.% may be indicative of a saturation
point for multiple hydrogen bonding between individual cryosolvent
molecules, wherein further multiple hydrogen bonding events are hin-
dered by other cryosolvent molecules.

Analysis of the hydrogen bonding affinity (HBA) of the hydroxylated
cryosolvents normalised for the number of hydrogen bond donor/
acceptor groups per cryosolvent molecule (see Fig. 12, A, B and C)
indicates that as the concentration of cryosolvent increases, all species
exhibit (1) a slight decreasing affinity for water molecules, (2) a de-
creasing affinity for the lipid bilayer up to concentrations of approxi-
mately 10.0 mol.%, and (3) an increasing affinity to other cryosolvent
molecules. Of the alcohols, MET is noted to have the strongest affinity
with water and the lowest affinity to other MET molecules and the
Table 6
The number of double and triple hydrogen bonds formed between cryosolvent mole-
cules and the DPPC molecules for ethylene glycol, propylene glycol and glycerol.

Cryosolvent Concentration [mol.%]

2.5 5 10 15

EG
Dual H-bonding molecules (DBM) 23 ± 1 34 ± 2 57 ± 5 59 ± 2
Total EG molecules 64 ± 3 107 ± 11 187 ± 9 235 ± 7
Ratio (DBM:Total) 0.36 0.31 0.31 0.25

PG
Dual H-bonding molecules (DBM) 32 ± 3 41 ± 3 65 ± 3 73 ± 4
Total PG molecules 85 ± 6 137 ± 4 232 ± 4 284 ± 6
Ratio (DBM:Total) 0.38 0.30 0.28 0.26

GLY
Dual H-bonding molecules (DBM) 34 ± 1 56 ± 3 79 ± 2 84 ± 1
Triple H-bonding molecules (TBM) 14 ± 1 21 ± 4 26 ± 1 26 ± 4
Total multi-H-bonding molecules
(MBM)

48 ± 2 77 ± 7 105 ± 3 109 ± 5

Total GLY molecules 89 ± 1 154 ± 1 226 ± 3 254 ± 1
Ratio (DBM:Total) 0.38 0.37 0.35 0.33
Ratio (TBM:Total) 0.16 0.14 0.12 0.10
Ratio (MBM:Total) 0.53 0.50 0.47 0.43
bilayer up to 10.0 mol.%, which is consistent with the aggregating ten-
dencies of MET in Figs. 7 and 8, A. The affinity of PG to other PG mole-
cules is largely analogous to EG, whilst the affinity of PG to the DPPC
bilayer is shown to be higher than the other cryosolvents, reflecting its
greater lipophilicity. The stronger binding affinity of GLY to other GLY
molecules in comparison to the cryosolvent–cryosolvent interactions
for EG, PG andMET (Fig. 12 B) indicates that, as concentration increases,
comparatively more GLY molecules are interacting with each other to
reduce water interactions — including those GLY molecules hydrogen
bonding to the bilayer by one or two hydroxyl groups.

The apparent decreasing affinity of all cryosolvents for the lipid bilay-
er (Fig. 12 B) is due to the fact that, as the concentration of cryosolvent
increases, a larger proportion of these molecules self-aggregate (Fig. 12
C) and the coverage of the lipid bilayer gradually saturates. By contrast,
analysis of the HBA of those cryosolvent molecules in the vicinity of the
bilayer only (Fig. 12 D) reveals that GLY has an intrinsic (independent
of concentration) higher affinity to the lipid bilayer than EG, PG and
MET, in that order respectively, consistent with the increased capacity
of GLY to hydrogen bond with multiple lipid headgroups (Table 6).
This suggests the formation of amulti-layered cryosolvent deposit across
the lipidmembrane surface between GLYmolecules interactingwith the
bilayer and a separate bulk phase containing GLY molecules interacting
with other GLY molecules via available hydroxyl groups at high concen-
trations (as evidenced by the aggregation tendencies shown in Fig. 5 E
and F, and the hydrogen bonding trends shown in Tables 5 and 6).

The contrasting trends for the binding affinities of PG, EG and MET
to water molecules and other cryosolvent molecules (Fig. 12 A and B,
respectively) also suggest that, analogously to GLY, these cryosolvents
exhibit self-aggregation as the concentration increases, leading to a
small reduction in water interactions. In the case of PG and EG, these
HBA trends could suggest the formation of a multi-layered cryosolvent
coating across the surface of the bilayer at sufficiently high concentra-
tions (evidenced by the aggregating tendency of PG in Fig. 9, C and D,
and the hydrogen bonding trends in Tables 5 and 6). In comparison to
GLY, the lower capacity of PG and EG to hydrogen bond to other
cryosolventmolecules (Tables 5 and 6), alongwith the slightly stronger
affinity to water of EG (Fig. 12. A), is likely to lessen this effect. The lack
of an extra hydrogen bond donor group renders MET incapable of
forming a multi-layered cryosolvent coating in the same fashion as
the polyhydroxylated cryosolvents, as reflected in the comparatively
higher affinity of MET to water molecules in Fig. 12, A, and the subse-
quent lower affinity to other MET molecules in Fig. 12, B.

At concentrations similar to 10.0 mol.%, EG and GLY (13.3 and
10.3 mol.%, respectively) have been described in earlier reports to
display intrinsically distinct behaviour in a lipid bilayer environment:
EG behaved in an “alcohol-like” fashion by interacting preferentially
with the ester regions of the bilayer,whilst GLYwas described as having
neither alcohol- nor sugar-like behaviour andwas largely inert with re-
spect to themembrane [34]. By contrast, EG andGLYwere shown in this
current study to maintain a preferential aggregating and hydrogen
bonding tendency to the phosphate headgroups of the bilayer (relative
to the number of hydroxyl groups in each molecule), to induce further
APL increases, membrane lateral expansion and thinning, and solvent
displacement at the lipid/water interface.

It is clear from the order parameter analyses that EG, PG and GLY
exhibit behavioural changes at concentrations exceeding 10.0 mol.%,
and two regimes for each species are identified based on the concentra-
tion regimes investigated. For EG and GLY at low to moderate concen-
trations (2.5–10.0 mol.%), preferential affinity to the bilayer surface
leads to extensive substitution of water molecules at the lipid/water
interface of the lipid bilayer, resulting in increased hydrogen bonding
between the cryosolvent hydroxyl groups and (predominantly) the phos-
phate groups of the phospholipids, ultimately inducing significant lateral
expansion of the membrane and decreased order parameters of the
lipid acyl chains consistently with increasing cryosolvent concentration.
A similar trend is noticed for PG at concentrations between 5.0 and



Fig. 12. Hydrogen bonding affinity (HBA) of the cryosolvents to (A) water, (B) cryosolvent molecules, (C) the DPPC lipid bilayer, normalised for cryosolvent hydrogen-bond donor
groups, and (D) in the vicinity of the bilayer to the DPPC headgroups.
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10.0 mol.%, once available ester sites are occupied by PG in a similar fash-
ion to the saturating effects of MET at sufficient concentrations.

At concentrations of 15.0 mol.% the three polyhydroxylated
cryosolvents (EG, PG and GLY) continued to interact predominantly
with the phospholipid headgroup region of the bilayer, leading to
the formation of a coating layer of cryosolvent molecules along the sur-
face of the membrane, as evidenced by MDPs and the average number
of hydrogen bonds. However, the increased APL resulting from a larger
number of cryosolventmolecules competing at the lipid/water interface
to reduce polar interactions with water leads to an increase in
cryosolvent bilayer penetration and thus specific interactions with the
ester regions of the phospholipid headgroups are induced. Increased
concentrations of PG and EG induce consistent – and for the specific
case of PG, relatively more pronounced – increases in APL, although
there is little evidence to suggest the development of a membrane
lipid phase transition or structural disordering, as found for DMSO ex-
perimentally at relative concentrations under such conditions [49].
The ability of EG and PG at high concentrations to interact with the
lipid bilayer without destroying the integrity of its liquid crystalline
characteristics suggests that the specific binding affinity and aggregat-
ing tendency of these cryosolvents acts to provide enhanced structural
support to the phospholipid bilayer.

The capacity of these three polyhydroxylated cryosolvents to bind
to multiple phospholipid sites was shown to induce specific changes
in phospholipid acyl chain ordering, cross-linking of multiple phospho-
lipids (predominantly via the ester regions of the lipids), and the forma-
tion of a surface coating, at sufficiently high concentrations. It is proposed
that the relatively superior capacity of GLYmolecules to induce multiple,
specific binding events leading to cross-linking of phospholipids between
phospholipid glycerol moieties up to 15.0 mol.%, coupled with increased
affinity to other cryosolvent molecules leading to the formation of a
dense bilayer-surface coating, reduces the structural disordering effect
on the bilayer stemming frommembrane lateral expansion and thinning.

4. Conclusions

The systematic molecular dynamics simulations study of the effects
of MET, PG, EG, GLY and DMSO on a hydrated liquid crystalline DPPC
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bilayer provided an atomic-scale representation of the diffusional and
aggregating tendencies of these cryosolvent species and their conse-
quent effects on the bilayer. The trends observed for each alcohol and
DMSO were found to describe regimes dependent on the size, hydro-
phobicity and concentration of cryosolvent, expanding the established
notions of alcohol-like and sugar-like behaviours for these cryosolvent
species [34]. The lower dipole moment compared with water of each
cryosolvent species encouraged interaction at the membrane interface
leading to the displacement of water from the phosphate and glycerol
headgroups of the phospholipids resulting in hydrogen bonding at
these sites.

Each cryosolvent induced concurrent membrane lateral expansion
and thinning normal to the bilayer, with this effect increasing for all
cryosolvents as the concentration increased. Of the alcohols investigated,
the effect ofmembrane lateral expansionwas shown tobe greatest for PG,
which behaved in an analogous fashion toDMSOat equivalent concentra-
tions under the same conditions up to 10.0 mol.%. Beyond 10.0 mol.%,
DMSO has been shown experimentally to induce lipid phase changes
under similar conditions [49],whilst in this study PGwas observed to con-
tinue to expand the membrane laterally up to 15.0 mol.% without pene-
trating as deeply into the membrane interior, nor in the same quantity,
as DMSO at 10.0 mol.%. MET, EG and GLYwere shown to induce less pro-
nouncedmembrane lateral expansion and thinning normal to the bilayer
in a relatively comparable fashion up to concentrations of 15.0 mol.%, and
were generally not observed to penetrate beyond the lipid headgroups.

Structural ordering of the membrane bilayer was shown to decrease
relative to concentration for all alcohols. Again, this effect was most pro-
nounced for PG, whilst MET, EG and GLY were noted to induce relatively
similar membrane structural disordering across the tested concentra-
tions. As a consequence, this effectwas shown to be relative to the hydro-
phobicity of the cryosolvent species under the investigated conditions,
with PG being more lipophilic than MET, EG and GLY. As a consequence
of their relative hydrophobicity, PG andMET display a stronger tendency
than EG and GLY to aggregate towards the glycerol regions of the phos-
pholipid headgroups across all concentrations. This tendency leads to
an increased ability to substitute water molecules at these ester sites
first before water substitution can occur at the phosphate regions of
phospholipid headgroups. The reverse trend was noticed for EG and
GLY across all tested concentrations.

As concentrations of MET increased to 25.0 mol.%, a consistent
decrease in phospholipid acyl chain ordering was recorded. The same
trendwas observed for the remaining cryosolvents up to concentrations
of 10.0 mol.%. At concentrations beyond 10.0 mol.%, PG and EG were
shown to induce a much less significant decrease in acyl chain ordering
as a consequence of specific interactions resulting from individual
cryosolvent molecules hydrogen bonding predominantly to two glycer-
ol groups of the onephospholipid. Cross-linking betweenGLYmolecules
and these ester regions of phospholipids was observed between the
terminal hydroxyl groups of the cryosolvent, leaving the secondary hy-
droxyl group of GLY free to interact with the solvent environment. The
capacity of GLY to cross-link lipidmolecules in this fashionwasobserved
to impose ordering of the phospholipid acyl chain, whilst increased
GLY–GLY interactions at the interface of the lipid membrane led to the
formation of a dense cryosolvent coating layer along the surface of the
bilayer. As a consequence, a relative conservation of the membrane
structural order was achieved across the tested concentrations.

The ability to determine the effects of MET, EG, PG, GLY and DMSO
on a DPPC phospholipid bilayer at a molecular level viaMD simulations
has provided insight into the specific mechanism of action of each
cryosolvent in ways that have proved difficult or impossible to deter-
mine using experimental techniques. Investigation of the concentration
dependence of each species to induce membrane structural change
has provided a gateway towards informing future cryopreservation
protocols involving these cryosolvents. In particular, this research has
described the mode of action of PG to be analogous to DMSO without
penetrating as deeply as DMSO towards the bilayer interior at equivalent
concentrations, nor compromising the structural integrity of the mem-
brane at concentrations up to 15.0 mol.%. In addition, the formation of a
protective cryosolvent layer along the surface of the membrane suggests
that PG could be used in cryoprotection protocols as a potentially less
damaging substitute for DMSO.

Supplementary data to this article can be found online at http://
dx.doi.org/10.1016/j.bbamem.2013.05.010.
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