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Abstract The effect of dimethyl sulfoxide (DMSO) on a model 1,2-dimyristoyl-sn-glycero-3-phosphocholine
lipid membrane is investigated during a rapid supercooling from 350 to 250 K using a total of 165.0198 µs
all-atom molecular dynamics simulations. Our findings reveal that the addition of DMSO above a critical
concentration induces significant alterations in the gel phase of the membrane at supercooled tempera-
tures, shifting the gel phase to a fluid phase evident from area per lipid, order parameter, and d-spacing.
Notably, an anomalous contraction is observed in bilayers in the presence of DMSO with the same critical
concentrations as the temperature is cooled from 300 K. As the concentration of DMSO rises at super-
cooled temperatures, the interface becomes increasingly populated with DMSO molecules, approaching a
two-dimensional percolation threshold. This process leads to an expansion in the area occupied by each
lipid molecule, creating free space around the lipid tails. Subsequently, the population of DMSO and water
at the hydrophobic core becomes energetically favorable at a supercooled temperature compared to the
higher temperature above the critical concentration of DMSO. The higher population of DMSO and water
at the interface and at the hydrophobic core increases the disorder and fluidity of the lipids and grad-
ually changes the gel phase toward the fluid phase. Thus, our results provide the molecular mechanism
of DMSO-induced fluidity of the membrane at supercooled temperature relevant for cell banking in the
future.

1 Introduction

Membranes comprising lipid molecules act as a semipermeable barrier to the cell and serve as a matrix to many
cellular components such as protein, carbohydrate, sugar, and so on. Membranes regulate many cellular functions
like permeability, transport, and signal transduction. The cell membranes remain active in their fluid phase as
they allow the motion of molecules needed for their functions. At supercooled temperature, the molecular motions
are dramatically reduced, leading to frozen biochemical reactions, and the membranes undergo a fluid-to-gel phase
transition, which makes the membrane functionally inactive. When exposed to extremely low temperatures, cell
membranes experience mechanical and physical stresses, such as ice crystallization and growth, increased salt
content, and cell dehydration. This has the potential to alter the functional behavior of the membranes or cause
the membranes to cease functioning, leading to apoptosis, thus rendering the cells useless for transplant [1, 2]. Thus,
keeping the cell membranes functionally active at supercooled temperature is pivotal for prolonged storage of the
live cells needed for cryopreservation [3] with applications such as organ transplantation, in vitro fertilization, cell
and tissue culture, and drug development [4]. To achieve vitrification, high concentrations of both permeating and
non-permeating CPAs are needed such as ethylene glycol, propylene glycol, sugars, DMSO, and macromolecular
compounds such as poly(vinyl alcohol) co-poly(vinyl acetate) (PVA-co-PVAc) copolymers and carboxylated ε-
poly-L -lysine(COOH-ε PLL), serum protein, dextran, PEG, and hydroxyethyl starch [5–7].

The addition of DMSO has been a popular approach to overcome the challenges due to rapid cooling during
cryopreservation [3, 8]. DMSO is a well-known co-solvent largely used in chemistry and biology and frequently
used in cell banking. It is the most popular cell membrane permeating cryoprotective agent (CPA) with low cost
and low toxicity. Due to its compatible size and stable structure, it can easily enter the membrane and does
not react with the interior environment. There is an appearance of short-lived transient pores where DMSO and
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water molecules penetrate the bilayer at 350 K [9]. The increased concentration of DMSO induces disorder in
the bilayer at 350 K without disintegrating the bilayer. Other guest molecules such as drugs enhance the lipid
dynamics and induce more order to the cationic bilayer [10]. Ethanol as a disinfectant and hand sanitizer can induce
swelling, rupturing, aggregation, and fusion of lipid vesicles in a concentration-dependent manner [11]. DMSO can
modulate the properties of cell membranes by altering the solvent properties and increasing the solution viscosity
at supercooled temperatures [12]. DMSO is typically added to the media used for freezing cells at a concentration
ranging from 5 to 15% to protect them from harsh conditions [13, 14]. When added to media, DMSO prevents
intracellular and extracellular ice crystal formation during freezing. However, when DMSO is added at a higher
concentration than 25%, cell lysis happens due to increased toxicity [15]. Therefore, a comprehensive understanding
of the DMSO-induced phase behavior of membranes is essential to mitigate the challenges during cryopreservation.

Rapid cooling during vitrification is a clinically used method for cryopreservation of embryos where a higher
concentration of DMSO is applied [16]. This leads to the formation of an amorphous glassy state below glass
transition temperature by avoiding heterogeneous or homogeneous ice nucleation. As a higher concentration of
DMSO can induce toxicity, the CPA should be removed rapidly in a stepwise fashion to avoid post-thaw toxicity
and damage due to osmotic stress. Apart from these, DMSO has demonstrated its capability to induce epigenetic
modifications in hepatic microtissues [17], promote differentiation in embryonic stem cells [18], and contribute to
the leaching of plasticizers from cell storage bags [19]. Moreover, while DMSO can elicit adverse effects in patients
who receive cryopreserved transplanted material, it is important to acknowledge that the clinical benefits of the
transplant outweigh these concerns [20, 21].

Previous studies on various bilayers with varying concentrations of DMSO using simulations suggest that DMSO
selectively penetrates much deeper into the bilayer than water due to its amphiphilic nature, dehydrating the
headgroups [22, 23]. At physiological temperature, DMSO with different kinds of membranes has been extensively
studied and DMSO is known to induce fluidity to the bilayer, increase the area per lipid, reduce the bilayer thick-
ness, and form transient pores [24–26]. These amphiphilic molecules render softer membranes [27–30]. Poration-free
energy calculated in our previous work suggests that with an increase in DMSO concentration, the energy barrier
of DMSO crossing is lowered only when it is facilitated by the water [9]. The role of hydrogen bonding is explored
for three major regimes from low to fully hydrated bilayers, which modulates the molecular mechanisms [31].
Experimentally, it has been found that the effect of DMSO on lipid bilayers is dependent on the lipid type [23].

In this study, the effect of varying concentrations of DMSO is investigated on model DMPC membranes across
temperatures ranging from much above the bilayer melting to a supercooled regime. The insertion of different
concentrations of DMSO into the bilayer at supercooled temperatures alters the gel phase of the bilayer to a
fluid phase, evident from different structural properties such as area per lipid head, order parameter, and d-
spacing. The drastic change in the area per lipid head is associated with a slow shift of fractal dimension of the
continuously residing interfacial DMSO toward the percolation threshold, suggesting the significant contribution
of interfacial DMSO in the gel-to-fluid phase transition. Our analyses provide the molecular mechanism of the
DMSO-induced bilayer phase transition at supercooled temperature. The results can be extended and applicable
for plasma membranes under cold stress in the future.

2 Simulation details and methods

In this study, all-atom molecular dynamics (MD) simulations are performed starting from a pre-equilibrated DMPC
lipid bilayer at 350 K [9] consisting of 128 lipids in the presence of 5744 water molecules. Slipid force field is used
for lipids [32, 33], and TIP4P/2005 is used for water [34]. The DMSO parameters are derived from general Amber
force field (GAFF) [35, 36]. DMSO is used as a co-solvent in the bilayer with concentrations varying from 0 to
25% as shown in Table 1. The structures of DMPC and DMSO are shown in Fig. 1. The supercooled regime is
achieved by simulation annealing each bilayer containing 0% to 25% DMSO at 350 K to 250 K at 10 K interval
with an annealing rate of 1 K/ns. The annealing rate in our study is one order of magnitude slower than that
for other cryoprotective agents reported earlier [8] and many orders of magnitudes faster than the rate used in
cryopreservation techniques [37]. Thus, the rate of cooling in our study is considered to be a rapid cooling relevant
for vitrification. A total number of 66 bilayers are simulated with 6 different DMSO concentrations and 11 different
temperatures. The simulation run lengths for all bilayers at each concentration are presented in Table 1. The box
dimension details of all simulated bilayers are provided in Table S1 of the supplementary information (SI).

The Lennard–Jones interactions are shortened using a dual range cutoff of a distance of 1 nm and 1.4 nm.
The pair-step is thereafter modified after every sequence of ten steps. Particle-mesh Ewald (PME) technique
is used for electrostatic interactions [38]. The equilibration simulations are conducted using the NPT ensemble
with semi-isotropic pressure coupling. The temperature and pressure are regulated with the Berendsen thermostat
[39] and barostat [40] with a coupling constant of 2 ps. Subsequently, production NPT runs involve velocity-
rescale thermostat [41] and Parrinello–Rahman barostat [42] at 1 bar using parameters consistent with those of
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Fig. 1 Structure of
a DMPC lipid, carbon
atoms C28 and C38 are
highlighted and b DMSO
molecule. Color code:
carbon: cyan; phosphorus:
orange; nitrogen: blue;
oxygen: red; hydrogen:
white; sulfur: pink

Table 1 Details of bilayers and a total of 165.0198 µs simulation runs

Number of bilayers for each
concentration

Percentage of
DMSO

Total equilibration runlength (ns) Total production runlength
(ns)

11 0% 11 × 2000 = 22,000 500.3 × 11 = 5503.3

11 5% 11 × 2000 = 22,000 500.3 × 11 = 5503.3

11 10% 11 × 2000 = 22,000 500.3 × 11 = 5503.3

11 15% 11 × 2000 = 22,000 500.3 × 11 = 5503.3

11 20% 11 × 2000 = 22,000 500.3 × 11 = 5503.3

11 25% 11 × 2000 = 22,000 500.3 × 11 = 5503.3

Each DMSO concentration constitutes 11 sets of bilayers for temperatures ranging from 250 to 350 K. Each bilayer has
been equilibrated for 2 µs and the production simulation for each bilayer is 500.3 ns

equilibration runs. The integration time step of 2 fs is consistently applied for each simulation. Simulations are
performed with GROMACS version 2020.2 [43].

The area per lipid head (APLH, Ah) of the bilayers are calculated by

Ah =
bx × by

Nl
, (1)

where bx and by are simulation box lengths along the x and y axes of the bilayer surface and Nl denotes the total
number of lipids in each leaflet.

Order parameter is calculated by

SCH =
1
2
〈3cos2θ − 1〉, (2)

where θ is the alignment angle subtended by the alkyl chains with respect to the bilayer normal (z -direction). 〈〉
corresponds to the ensemble and time averaging.

The potential of mean force (PMF) is calculated by taking the Boltzmann inversion of the respective density
(ρ) with respect to their bulk density (ρ0) along the bilayer normal using the following equation:

PMF = −kBTln
ρ

ρ0
. (3)

The last 250 ns of a 500 ns NPT production run with a saving frequency of 50 ps is utilized to analyze the bilayer
structural properties such as area per lipid, order parameter, density profile, d-spacing, and PMF. Further, the
last 250 ps of a 300 ps NVT trajectory with a saving frequency of 0.1 ps is divided into five blocks of 50 ps and is
used to calculate the population of the continuously residing DMSO and water in the interfacial and hydrophobic
layers of all the bilayers. The cumulative radial distribution function and mean square displacement are calculated
from the last 50 ps of the 300 ps NVT production analysis with a saving frequency of 0.1 ps to determine the
percolation threshold.
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3 Results and discussion

The snapshots of the final configurations of bilayers with 0% and 25% DMSO concentrations are shown for all
temperatures in Fig. 2. The snapshots of the remaining bilayers with 5–20 % DMSO are shown in Figure S1 of SI.

3.1 Area per lipid head

The APLH, Ah, is a crucial parameter that can monitor the phase behavior of lipid bilayers. The equilibration
of each bilayer is confirmed from the converged APLH (shown in Figure S2 of SI). The APLH of each bilayer is
averaged over time and plotted with respect to temperature for all DMSO concentrations in Fig. 3a. The APLHs
of bilayers in the absence of DMSO using Slipid force field as in the current study is shown by the black solid line
in Fig. 3a. The APLH decreases with cooling and has a sharp transition below 300 K, indicating a fluid-to-gel
phase transition. The phase transition temperature and the behavior of APLH with respect to temperature from
our current study are in reasonable agreement with that from the CHARMM force field (shown by a black dashed
line) from our previous work [44] and other available literature [45–47] (compiled and shown in dark blue). This
confirms that the Slipid force field can capture the phase transition of the DMPC bilayer in the absence of DMSO
reasonably well. Note that the ripple phase of DMPC is not well captured using the Slipid force field as obtained
using CHARMM force field [44, 48–53].

With the addition of DMSO in the bilayer, the APLH increases for all temperatures. When the temperature is
cooled from 350 K to 250 K, the APLH decreases with temperature until a DMSO critical concentration of 15%.
For DMSO concentrations of 20% and 25%, the APLH at 350 K is maximum, then with cooling, it lowers down to
a value of 0.67 nm2 and then subsequently increases to a value of 0.75 nm2. Both experimental and computational
findings [44, 45] suggest that at an APLH value of nearly 0.60 nm2, the bilayer attains a fluid phase. Thus, the
addition of 15% DMSO slowly shifts the supercooled bilayer from the gel to the fluid phase. For bilayers with 20%
and 25% DMSO, the APLH decreases with cooling till 300 K and then increases to 250 K. The comparable values
of APLH for 250 and 350 K indicate that the bilayers are at the fluid phase at supercooled temperature when the
DMSO concentrations are 20 and 25%.

3.1.1 Order parameter

The order parameter of lipid acyl chains refers to a measure of the degree of alignment of the acyl chains of lipid
molecules with respect to the bilayer normal. The order parameter increases with supercooling until 15% DMSO
concentration in the bilayer as shown in Fig. 3b. This signifies the chains in the bilayer become more ordered with
supercooling until a critical concentration of DMSO. However, the addition of DMSO significantly reduces the
order parameter at supercooled temperature, demonstrating that the chains become more disordered. For 20%
and 25% concentrations of DMSO, the order parameter of the bilayer increases to 300 K and then reduces till
supercooled temperature. The similar values of the order parameter of the bilayers at 250 K and 350 K with 20%
and 25% DMSO indicate that the bilayer attains a similar disorder of a fluid phase at the supercooled temperature.

Fig. 2 Bilayer snapshots
for all studied temperatures
for the DMSO
concentrations of 0% and
25%. Color code: water:
VDW, red; phosphorus:
yellow, VDW; lipids: green,
licorice; DMSO: blue, VDW
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Fig. 3 a Area per lipid
head of bilayers across the
temperature ranges from
350 to 250 K. The APLH
values of the bilayer
without DMSO from our
simulations using Slipid
force field are compared
with the ones using
CHARMM force field [44,
48, 49, 54] and
experimental findings
[45–47]. The dashed violet
line represents the APLH
cutoff above which the
bilayer is considered at the
fluid phase. b Average
order parameter of alkyl
chains and c d-spacing of
bilayers comprising 0% to
25% of DMSO across all
temperatures

This indicates that the bilayers slowly shift from the gel phase to the fluid phase at a supercooled temperature in
the presence of 20–25% DMSO concentration. Note that the order parameters of the chains of these two bilayers
start reducing from 300 K when their APLH starts increasing.

3.1.2 d-Spacing

The d-spacing of the bilayer is determined by time averaging of the box length along the z -direction, which is
the direction of the bilayer normal. As the bilayers become more fluid, the d-spacing reduces substantially. For
DMSO concentrations from 0 to 15%, the d-spacing increases with supercooling. For bilayers with 20 and 25%, the
d-spacing drastically decreases from 300 K to 280 K as shown in Fig. 3c. This deviation from normalcy is attributed
to an anomalous contraction of the bilayer as the bilayer is cooled from 300 to 280 K. Similar anomalous contraction
(referred to as anomalous swelling in case of heating) is reported earlier for the surfactant, co-surfactant bilayers
without DMSO [55]. During the anomalous swelling from supercooled to higher temperatures within 280–300 K,
there is an elongation of lipid chains, hence inducing more order in the chains, which reduces APLH as well. The
lower d-spacing of the bilayers with 20% and 25% DMSO at 250 K than at 350 K in association with higher
APLH and lower-order parameter suggests that the bilayer is in the fluid phase at supercooled temperature above
a critical concentration of DMSO.

3.1.3 Density profile

Density profiles of lipid, water, and DMSO are shown for all cases in Figures S3 and S4 of SI. With an increase
in DMSO concentration, the density of water decreases, and the density of DMSO increases for all temperatures.
A comparison of the density profiles of the bilayer at two extreme temperatures, supercooled temperature, 250 K,
and higher temperature, 350 K, shows that both DMSO and water penetrate in the hydrophobic region to a larger
extent at 250 K compared to that at 350 K for 20 and 25% DMSO (Fig. 4). Since the d-spacings of the bilayer
with 20 and 25% DMSO are smaller at 250 K compared to that at 350 K and more water and DMSO penetrate in
the hydrophobic core with supercooling (Fig. 3c), these water and DMSO in the hydrophobic core are responsible
for the fluidity of the lipid chains. The longer d-spacing of the bilayer at 350 K compared to that at 250 K is
consistent with the elongation of the density profile along the bilayer normal.

Our earlier investigation shows that the interfacial DMSO not only settles near the interface, but penetrates
into the hydrophobic core by acquiring the thermal energy from the fluctuations of the disordered interface and
reshuffling of some water molecules from the interface to the bulk and eventually crosses the hydrophobic barriers
with the aid of water [9]. This mechanism should prevail for the bilayer at a supercooled temperature at 250 K in
the presence of 20% and 25% DMSO. As shown in Figure S4 of SI, more DMSO and water for the bilayer with
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Fig. 4 Density profile for
water, DMSO, and lipids
shown for all DMSO
concentrations with two
extreme temperatures, 250
K and 350 K. Color code:
black: 250 K, orange: 350
K. Solid lines refer to water
density for the left panel
and DMSO density for the
right panel. Dashed lines
refer to the density profile
of DMPC lipids for all
panels

25% DMSO reside at the bulk regime at 350 K, whereas at 250 K, they reside in the hydrophobic core. Thus, at
elevated temperatures, there is a high probability of DMSO and water migration toward bulk, and at supercooled
temperatures, the probability of migration toward the hydrophobic core increases. The increased density of DMSO
and water in the hydrophobic core increases the disorder of the chains at supercooled temperature. Thus, a higher
concentration of DMSO increases the fluidity of the bilayer at supercooled temperature.

The bulk (B), interface (I ), and hydrophobic core (HC) are identified from the density profiles of water, DMPC
lipids, and DMSO. The difference in the PMF between the bulk as the final state and the interface as the initial
state is considered the free energy difference between the interface to the bulk (ΔGI−B). Similarly, the difference
in the PMF between the hydrophobic core as the final state and the interface as the initial state is considered as
the free energy difference between the interface to the hydrophobic core (ΔGI−HC). Thus, ΔGI−B and ΔGI−HC

provide estimates of free energy costs for the interface water or DMSO to move to the bulk and to the hydrophobic
core, respectively. The free energy difference for DMSO and water molecules from the interface to the bulk (B)
and to the hydrophobic core are studied for two extreme temperatures as shown in Fig. 5. The negative ΔGI−B

implies that the bulk is favorable compared to the interface and the positive ΔGI−HC signifies that the interface
is always favorable compared to the hydrophobic core for all cases. The energy cost for DMSO to migrate from
the interface to the bulk increases with an increase in DMSO concentrations for both temperatures. However,
at 250 K, ΔGI−B increases above 15%, suggesting that the interface DMSO needs higher energy to go to the
bulk state at supercooled temperature compared to that at 350 K. In contrast, ΔGI−B of water decreases with
DMSO concentration at 250 K. Thus, less energy cost is needed for water to move from the interface toward the
bulk with increasing DMSO concentrations at 250 K. At 350 K, with increasing DMSO concentration, DMSO and
water are more tightly bound at the interface. Hence, DMSO or water migration toward bulk requires more energy
with increasing DMSO concentration at 350 K. Therefore, the probability of water migrating from the interface
to the bulk is higher at supercooled temperature compared to that at 350 K with increasing concentration of
DMSO. This suggests that the probability of water replacement and dehydration by DMSO at the interface is
more at 250 K with increasing concentration of DMSO. In contrast, water residence at the interface is assisted with
DMSO at 350 K with increasing concentration of DMSO. The opposing effect of water association with DMSO
at 350 K and water replacement by DMSO at 250 K results in contrasting behavior of water at two extreme
temperatures. Notably, the ΔGI−HC of DMSO decreases with an increase in the concentration of DMSO at both
extreme temperatures. A similar trend prevails for water except at 25% (Fig. 5c, d). At 25%, DMSO and water
entering the HC become more favorable at 250 K compared to that at 350 K. The lowering in ΔGI−HC of the
DMSO and water at 25% DMSO concentration and at supercooled temperature suggests that both the DMSO
and water residing in the HC become favorable with increasing concentration of DMSO with supercooling which
can lead to the DMSO-induced disorder or fluidity of the lipid chains at the supercooled temperature.
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Fig. 5 Free energy
difference calculated
between (a, b) the
interface (I ) and bulk (B)
for DMSO and water,
respectively, and c, d the
interface (I ) to hydrophobic
core (HC) for bilayers at
250 K and 350 K containing
different DMSO
concentrations. The error
bar depicts the average over
five sets of data

3.1.4 Definition of water and DMSO at the interface and hydrophobic core

The first coordination shell of water and DMSO for the lipid heads (phosphorus) is at ∼ 0.55 nm [9]. Thus, the
interfacial region of each bilayer is chosen as the 0.55 nm above and below the lipid head atoms (Fig. 6). The
DMSO and water molecules that continuously reside within ±0.55 nm of the lipid heads for 50 ps are labeled
as interfacial water (IW) and interfacial DMSO (ID). These specific water and DMSO are considered bound to
the interface. Our earlier results show that the residence time of IW is 100 ps. However, 50 ps is considered the
residence time as it gives reasonable statistics to both the numbers of IW and ID for all cases.

The hydrophobic core (HC) refers to the region situated between the upper and lower interfacial regions of the
bilayer. The first peak of the g(r) of lipid P head and the lipid tail bead, C28 or C38, is located at > 1.25 nm

Fig. 6 Snapshot of a
bilayer containing 5%
DMSO concentration at 350
K, representing the regions
defined as the interface and
hydrophobic core. The
magenta and red solid lines
denote the average location
of the head (P-atom) and
the carbon atoms C28 and
C38 of lipids. Color code:
water: points, blue;
phosphorus: orange, VDW;
lipids: gray, lines; DMSO:
red, QuickSurf. Two lipids
are highlighted (licorice,
cyan) from the upper and
lower leaflet to denote the
average positions of C28
and C38 of the two tails
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Fig. 7 Comparison of the radial distribution function, g(r) of a, b lipid P–P (phosphorus) head; c, d P–ID (phospho-
rus–interfacial DMSO); e, f P–IW (phosphorus–interfacial water); g, h lipid C–C (end carbon atoms of lipid tails) for the
supercooled 250 K and 350 K for 5% and 25% DMSO. Data from other concentrations and temperatures are omitted for
clarity. The g(r) reaches a value of 1 at larger r

(as shown in Figure S6 of SI). The C28 or C38 atoms of the lipid tails from both the lower and the upper leaflets
are considered the periphery of the HC (Fig. 6). Any DMSO and water molecules that fall within a distance of
0.55 nm from the lipid tail beads residing within the hydrophobic region for at least one time frame throughout
the 50 ps simulation period are considered as the water and DMSO in the HC. To get reasonable statistics on the
number of DMSOs and water in the HC, the continuously residing molecules are avoided. The geometric criteria
ensure that there is no overlap between the interface regime and the HC as seen in Fig. 6.

3.2 Radial distribution function

The three-dimensional radial distribution function, g(r), quantifies the radial association of neighboring molecules
around each other and is calculated by the following equation:

g(r) =<
1

ρN

N∑

i=1

N∑

j=1

δ(rij − r) >, (4)

where N denotes the total number of molecules and ρN the density of the molecules. Figure S5 of SI shows that g(r)
of lipid heads and tails of the bilayers attain higher order in the absence of DMSO as one approaches supercooling
from 350 K. As the bilayer with 0%, DMSO is in the fluid phase at 350 K, which changes to a gel phase at 250 K,
and the order of both the head and tails of the lipids increases with supercooling. With the addition of 5% DMSO,
a similar trend prevails (Fig. 7a, b). With an increase in DMSO concentration, the behaviors slowly change, and
at 25% DMSO concentration, the behavior is the opposite. At supercooled temperature, both the lipid heads and
tails with 25% DMSO have comparable or are less structured than that at 350 K, indicating similar disorder in
the bilayers at these two temperatures. This again suggests that the bilayer slowly shifts from a gel-to-fluid phase
at supercooled temperature due to the addition of DMSO.

The g(r) of the lipid head and the IW and ID in Fig. 7 depict that both the IW and ID intercalate between
the lipid heads for all cases. IW becomes more ordered due to supercooling. As DMSO concentration increases
from 5 to 25%, the amplitudes of g(r) of the IW decrease for all temperatures, which indicates less association of
the IW with increasing concentrations of DMSO for both the supercooled temperature and 350 K. The g(r) of
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the ID behaves opposite to that from 250 K to 350 K at 5 and 25%. An increase in DMSO concentration usually
leads to an increase in the area per lipid bilayer as DMSO molecules intercalate between lipid heads, disrupting
the packing of lipid molecules and causing them to spread apart, thus increasing the available area per lipid.

3.2.1 Population of interfacial and hydrophobic water and DMSO

As the IW and ID are continuously residing at the interface regime, they are considered bound and labeled as
NB . The ratio of NB to NL (NL is the total number of lipids) for both the ID and IW are shown in Figure S7 of

Fig. 8 Number of bound
interfacial a DMSO and
b water per lipid
continuously residing at the
interface for 50 ps shown for
all the bilayers containing
different concentrations of
DMSO. The error bar
depicts the block average
over 5 sets of data

Fig. 9 Numbers of
a DMSO and b water per
lipid at the hydrophobic
core (HC) residing for at
least a single time frame of
the simulation trajectory
are shown for varying
concentrations of DMSO for
two extreme temperatures.
The error bar depicts the
block average over five sets
of data
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SI with respect to temperatures. NB
NL

increases with lowering the temperature for both ID and IW, demonstrating
more bound DMSO and water per lipid with supercooling. In Fig. 8 where the ratio is shown for the two extreme
temperatures studied, the population of bound DMSO increases with increasing concentration of DMSO for all
temperatures and the population of bound water decreases with a rise in DMSO concentration. However, in Figure
S7 of SI, the population of bound water decreases with increasing concentration of DMSO till 300 K while cooling.
After 300 K, as the bilayer goes to the supercooled regime, the population of the bound water does not decrease for
20 and 25%. As the bound water and DMSO reside between the lipid heads, their population affects the expansion
of the area per lipid. The higher number of bound water and DMSO for 20 and 25% at supercooled temperature
leads to an increase in area per lipid, which shifts the gel phase to the fluid phase.

Upon comparing the population of DMSO and water in the HC for two extreme temperatures, i.e., 250 K and
350 K (Fig. 9), it is found that the population of bound DMSO increases with DMSO concentration for both
temperatures. However, the increase in the population is drastically high for 20 and 25% at 250 K compared to
350 K. The population of bound water decreases with increasing concentration of DMSO at 350 K, which behaves
oppositely for 250 K. At 250 K, a greater number of DMSO and water molecules are found within the HC for 20
and 25% compared to that at 350 K. This abundance of DMSO and water in the HC in combination with the
increased population of ID and IW contributes to the increased fluidity of the lipid chains and heads at supercooled
temperature for 20 and 25% DMSO. Conversely, at 350 K, fewer water molecules are observed within the HC,
particularly with an elevated concentration of DMSO in the bilayer. Thus, the increased fluidity in the bilayer at
supercooled temperature for 20 and 25% DMSO is primarily attributed to a higher number of bound DMSO and
water molecules at the interface as well as those traversing the HC.

3.3 Percolation

To understand the effect of interface DMSO on the gel-to-fluid phase transition of the bilayer at supercooled
temperature, a two-dimensional percolation threshold is calculated for interface DMSO and water for all cases.
The percolating threshold signifies a drastic structural change from a disconnected path to a connected path of
an infinite network. The infinite network emerges as the largest cluster of DMSO or water at the interface. The
dimensionality of this largest cluster is characterized by the effective fractal dimension df. In an ideal 2D system,
the percolation threshold is associated with df � 1.89, while in 3D systems, it is approximately 2.53. [56] Below
the percolation threshold, the components exist as an ensemble of small clusters. Conversely, above the threshold,
the infinite network spans the entire system. The fractal structure of the largest cluster is evaluated from its
cumulative radial distribution function, m(r). m(r) is fitted to the equation

m(r) ∼ rdf . (5)

df is extracted from the fitting of m(r) for interfacial DMSO–DMSO and interfacial water–water. Figure 10
shows that the df of the IW is above the percolation threshold irrespective of the temperature and the DMSO
concentration. df of DMSO is above the percolation threshold for 25% DMSO concentration and below the threshold
for 5% DMSO concentration for all temperatures. For lower concentrations of DMSO until 15%, the df values
are below the threshold, suggesting a very ordered homogeneous distribution of small clusters, specifically at
supercooled temperature. As temperature increases, df of DMSO increases and shifts closer to the threshold. To
get insights into the nature of phase transitions, the df values of DMSO and water are presented with the APLH
for varying concentrations of DMSO at each temperature as shown in Fig. 10. Interestingly, the shifting of the df of
DMSO toward the percolation threshold is accompanied by the increase in the respective APLH. The increment of
APLH and achieving fluidity associated with an increase in df suggest that the DMSO percolation at the interface
assists in shifting the gel-to-fluid phase transition of the bilayer.

3.4 Mean squared displacement of interface water and interface DMSO

To understand the dynamics of interface DMSO and water on the bilayer surface, lateral mean squared displacement
(MSDXY ) is computed using the following equation,

〈δr2lat(t)〉 =
1
N

N∑

i=1

〈
[ri(t + t′) − ri(t′)]

2
〉

t′
. (6)

Figure S8 of SI shows the lateral MSD of lipids, IW, and ID for all temperatures and all DMSO concentrations, and
Fig. 11 represents the lateral MSD of lipid, IW, and ID of the bilayers with two extreme temperatures and DMSO
concentrations. The MSDXY increases with temperature for all cases, as seen in Figure S7 of SI. The MSDXY of
the lipids, IW, and ID are in the sub-diffusive regime for 100 ps. The MSDXY of the lipids in the presence of 5%
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Fig. 10 Comparision of df and APLH of the interface DMSO and water for each of the studied temperatures. The red
dashed line depicts the percolation threshold

DMSO is the lowest at 250 K, since the bilayer is at the gel phase at supercooled temperature. With increasing
DMSO concentration from 5 to 25%, the MSDXY of the lipids at 250 K increases, indicating enhanced fluidity of
the lipids with 25% DMSO. The behaviors of IW and ID are opposite to that of the lipids. At 250 K, MSDXY

of the IW and ID do not differ between the 5 and 25% DMSO concentrations. The difference increases at 350 K.
The addition of DMSO reduces the MSDXY of the IW and ID significantly at 350 K due to the crowding effect of
DMSO. Thus, the increase in bilayer fluidity at supercooled temperature due to the addition of DMSO is reflected
in enhanced MSDXY of lipids.

4 Conclusion

Understanding the effect of DMSO concentration on the fluidity of bilayers at the supercooled regime is crucial
for a better understanding of cell banking and cryopreservation mechanisms. To this end, a total of 165.0198 µs
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Fig. 11 Lateral MSD of
a lipid, b IW, and c ID for
two extreme temperatures
and two extreme DMSO
concentrations

long all-atom molecular dynamics simulations of DMPC lipid membranes are performed with a rapid cooling
from 350 to 250 K. Each bilayer is equilibrated for a total simulation duration of 2 µs, followed by a production
simulation of 500.3 ns. The cooling rate used in our study is several orders of magnitude faster than that used in
the cryopreservation techniques [37]. With supercooling, the bilayer undergoes a fluid-to-gel phase transition in
the absence of DMSO, evident from a drastic change in area per head group and chain order parameter. As DMSO
concentration increases, the drastic changes reduce, and the bilayers at supercooled temperatures slowly shift
from the gel to the fluid phase. For the bilayers comprising of 20% and 25%, DMSO, an anomalous contraction
is observed while cooling from 300 to 280 K, which is accompanied by an increase in the area per lipid and a
decrease in the order parameter. With increasing concentrations of DMSO, both DMSO and water penetrate the
hydrophobic core. The penetration in the hydrophobic core becomes energetically more favorable at supercooled
temperature compared to the higher temperature with an increase in DMSO concentration, specifically at 20 and
25%. Similarly, the population of bound DMSO and water at the interface and the hydrophobic core increases
with DMSO concentration to a larger extent at supercooled temperature compared to that at higher temperature,
e.g., 350 K. Since the DMSO and water at the interface reside between lipid heads, higher population leads to
an expansion in area per lipid head which is accompanied by an increase in effective fractal dimension reaching
percolation threshold for 25% for all temperatures. Subsequently, higher penetration of DMSO and water in the
hydrophobic core for 20 and 25% DMSO at supercooled temperature leads to increased disorder and fluidity of the
lipid chains. The increase in DMSO concentration induces higher two dimensional mean square displacements of
lipids at supercooled temperature indicating enhanced fluidity of the chains. Thus our results provide a molecular
mechanism of DMSO-induced fluidity of lipid membranes at supercooled temperature. The analyses will be relevant
for cell banking at cryogenic temperature in the future.

Supplementary Information The online version contains supplementary material available at https://doi.org/10.1140/
epjs/s11734-024-01296-y.
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