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Dimethyl sulfoxide (DMSO) is a small amphiphilic molecule which is widely employed in cell biology as an
effective penetration enhancer, cell fusogen, and cryoprotectant. Despite the vast number of experimental
studies, the molecular basis of its action on lipid membranes is still obscure. A recent simulation study
employingcoarse-grainednodels has suggested that DMSO induces pores in the membrane (Notman, R.;
Noro, M.; O'Malley, B.; Anwar, JJ. Am. Chem. So2006 128 13982-13983). We report here the molecular
mechanism for DMSQ's interaction with phospholipid membranes ascertainedatamic-scalemolecular
dynamics simulations. DMSO is observed to exhibit three distinct modes of action, each over a different
concentration range. At low concentrations, DMSO induces membrane thinning and increases fluidity of the
membrane’s hydrophobic core. At higher concentrations, DMSO induces transient water pores into the
membrane. At still higher concentrations, individual lipid molecules are desorbed from the membrane followed
by disintegration of the bilayer structure. The study provides further evidence that a key aspect of DMSO'’s
mechanism of action is pore formation, which explains the significant enhancement in permeability of
membranes thydrophilicmolecules by DMSO as well as DMSQ's cryoprotectant activity. The reduction in

the rigidity and the general disruption of the membrane induced by DMSO are considered to be prerequisites
for membrane fusion processes. The findings also indicate that the choice of DMSO concentration for a
given application is critical, as the concentration defines the specific mode of the solvent’s action. Knowledge
of the distinct modes of action of DMSO and associated concentration dependency should enable optimization
of current application protocols on a rational basis and also promote new applications for DMSO.

Introduction '
Manipulating the structure and properties of cell membranes ||

is an issue which is fundamental to numerous applications in S )

the biosciences, pharmaceuticals, and biotechnology. Since the /7 N\

lipid bilayer serves as a structural framework for all other HSC CH3

constituents of cell membranes, it is often considered as aFigure 1. Chemical structure of a dimethyl sulfoxide (DMSO)
p”".‘ary target for modulation. For many applications, it is hlghly molecule (left) and its united-atom representation used in this study
desirable that the membrane structure and properties are;igny).

modulated in a controlled, and for specific applications in a

reversible, manner. A way forward is to resort to molecular simulation techniques
Dimethyl sulfoxide (DMSO) is a small amphiphilic molecule  that are now able to provide an unprecedented molecular insight
with a hydrophilic sulfoxide group and two hydrophobic methyl into a wide range of phenomena; often molecular simulations
groups (Figure 1). Its amphiphilic nature appears to be an are the only source of information at the atomic scale. Indeed,
important defining characteristic for its action on membranes: the interaction of DMSO with phospholipid membranes has been
DMSO is widely employed in cell biology to induce cell fuston  studied by molecular simulatioffs® While a conclusive mo-
and cell differentiatior?. It is also an effective penetration |ecular-level explanation for its pharmacological activity is still
enhancetand is routinely used as a cryoprotectalithile the lacking, the latest simulation stu¥lghat employedcoarse-
protocols for each of these applications are well developed, our grained models did suggest a credible explanation for some
understanding of the molecular basis for DMSO's actions on aspects of DMSO activity, namely, that DMSO induces pore
cell membranes is still rudimentafynainly due to limitations  formation in the membrane. In coarse-grained simulations a
of current experimental techniques. Consequently, optimization number of atoms are represented by a single particle, which
of the protocols, e.g., identification of the optimal concentration makes the simulations computationally efficient, enabling longer
of DMSQ, is largely driven by empiricism. The lack of a time and length scales to be accessed but with a loss of chemical
molecular understanding for DMSO's action is probably also specificity. Clearly, it is essential to confirm whether the
hindering the identification of new applications for this versatile extraordinary feature of pore formation is observed in realistic

solvent. atomic-level simulations where the chemistry is fully defined.
In this work we systematically studied the effects of DMSO
* Corresponding author. on a phospholipid membrane in the liquid-crystalline phase using

10.1021/jp073113e CCC: $37.00 © 2007 American Chemical Society
Published on Web 07/28/2007



10454 J. Phys. Chem. B, Vol. 111, No. 35, 2007

Gurtovenko and Anwar

Figure 2. Distinct modes of action of DMSO on phospholipid membranes. Presented are side views of the final structures for the bilayer systems

containing 0, 5, 10, and 40 mol % of DMSO (lipid-free basis). Lipids are shown in cyan, water in red, and DMSO in yellow.

atomic-scalanolecular dynamics (MD) simulations witleal-

istic potentials for the modeled molecules. We investigated 14
different concentrations of DMSO varying from 0 mol % (pure
water) to 100 mol % (pure DMSO solvent). DMSO appears to
exhibit three distinct modes of action on the phospholipid

transition temperature of a DPPC bilayer in DMSO/water at all
considered DMSO concentrations (we recall that DMSO has
been observed to increase the phase transition temperature from
a gel to a liquid-crystalline phase for DPPOMSO—water

mixtures)!® Thus, the studied DPPC bilayers were in the fluid,

membrane, the specific mode being dependent on its concentraliquid-disordered phase.

tion. These modes of action are summarized visually in Figure

The time step used was 2 fs. All simulations were of 30 ns

2. Depending on concentration, DMSO is able to decrease theduration for each considered DPPC/DMSO/water system, except

membrane thickness (2.5 mol %), induce formation of
transient water pores (#20 mol %), or destroy the bilayer
structure of membranes (28.00 mol %). We discuss the results
and their significance in detail below, beginning with validation
of the molecular models.

Methods

Atomic-scale MD simulations were performed on lipid
bilayers comprising zwitterionic dipalmitoylphosphatidylcholine
(DPPC) lipids in aqueous solution with DMSO. The concentra-
tion of DMSO was systematically varied from 0 mol % (pure
water) to 100 mol % (pure DMSO solvent). In all, we considered
14 different DMSO molar concentrations: 0%, 2.5%, 5.0%,
7.5%, 10.0%, 12.5%, 15.0%, 20.0%, 25.0%, 30.0%, 35.0%,
40.0%, 60.0%, and 100.0% (lipid-free basis). In all simulations
the DPPC bilayers comprised 128 lipid molecules; the total
number of solvent molecules (water and DMSO) was fixed to
3655 so that the number of solvent molecupes lipid was
constant {29) for all systems. Periodic boundary conditions
were applied in all three dimensions.

Force-field parameters for DPPC lipids were taken from the
united-atom force-field of Berger et &lWater was modeled
using the simple point charge (SPC) motfeFor DMSO the
force-field developed by Bordat et Blwas used. The Lennard-

the system containing 10 mol % of DMSO for which the
simulation time was extended to 50 ns due to a slow pore
formation process. Only the last 10 ns of each MD trajectory
were used for a subsequent analysis. All simulations were
performed using the GROMACS suitéThe combined simu-
lated time of all MD runs amounted to a half of a microsecond.

To elucidate possible effects of the periodic boundary
conditions on our main findings, three additional simulations
of DPPC bilayer systems with 2.5, 10.0, and 30.0 mol % of
DMSO were performed, in which the number of solvent
molecules (DMSO and water) were increased by a factor of 4.
Each of these simulations was run for 20 ns duration.

Results

A fundamental structural characteristic of lipid bilayers is the
average area per lipidAL] which can be measured accurately
by experiment’ For a DMSO-free DPPC bilayer the average
area per lipid from the simulations was found tolBé&= 0.690
+ 0.002 nnd. This closely matches the experimental value of
0.719 nni reported for a DPPC bilayer a@t= 353 K!8 thereby
validating the model used. Adding a small amount of DMSO
into a bilayer system (up to 10 mol %) leads to a pronounced
increase in the area per lipid and a decrease in the closely related
thickness of the bilayelQmembrane(see Figure 2 and Table 1).

Jones interactions were truncated at 1 nm; the electrostaticThe mass density profiles for the various components of the
interactions were handled using the particle-mesh Ewald (PME) system are shown in Figure 3. They reveal that DMSO

method!?12 The simulations were performed in thEpT
ensemble with semi-isotropic pressure coupling (isotropic in x

molecules readily penetrate into the lipid/water interface of the
membrane and occupy positions just beneath the lipid head-

and y, and independent in the z direction). The temperature andgroups. This suggests that DMSO does not interact favorably
pressure were controlled using the Berendsen thermostat andvith the lipid headgroups but has a greater affinity, by virtue
barostat? respectively. The pressure was set to 1 bar while the of its methyl groups, toward the hydrocarbon lipid chains. The
temperature was set to 350 K, which is above the phaseabsence of interactions between DMSO molecules and lipid
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TABLE 1: Concentration-Dependent Modes of Action of DMSO molecules accumulate now not only at the interface but
DMSO on Phospholipid Membranes also in the hydrophobic core (Figure 3), interacting favorably
Comso Omembrane  area per lipid  DMSO mode with acyl lipid chains and screening effectively their hydro-
system [mol %]2 [nm]° [nm?] of action phobicity. All these factors favor entrance of water molecules
1 0.0 3.62-0.01 0.690+ 0.002 into the membrane interior, leading to formation of transient
2 25  3.42+0.01 0.766+:0.002 membrane water defects. These defects can be visualized as transient “water
3 50  3.23:0.01 0.848:0.002 thinning columns” or “water fingers” spontaneously spanning the entire
4 7.5 3.05:0.02 0.928+0.003 membrane and disappearing within a few picoseconds. Because
5 100 2.35£0.03 membrane of the stochastic nature of these defects, some rather large water
S gg %égi 8-82 g‘r:g”'”g columns comprising a significant number of water molecules
8 500 052L008 pore formation can develop in the membrane with time (Figure 5). Such water
defects remain stable for a rather long time due to hydrogen
?o ég"g bonding between _the water mole(_:ules in the_ c_:olumns. The
11 35.0 membrane presence of water in the hydrophobic core of a lipid membrane,
12 40.0 disintegration being energetically unfavorable, eventually leads to the redis-
13 60.0 tribution of lipid headgroups from the watelipid interface to
14 100.0 the membrane interior, surrounding and stabilizing the water

aMolar concentration of DMSO (lipid-free basi®)Membrane defect. In such a way we observe the remarkable feature of
thickness measured as the average distance between phosphate grouMSO inducing the formation of water pores in the phospho-
of two leaflets. lipid membrane (Figures 2, 3, and 5). The overall picture of

] _ .. poreformation is reminiscent to that reported in MD simulations
headgroups are also seen through inspecting radial distributiongf electroporation in lipid membranés??

functions (RDF) of DMSO atoms with choline, phosphate, and
carbonyl groups of DPPC lipids (data not shown). Most of these
RDFs (except one for choline groups) do not reveal a pro-
nounced first peak, suggesting a lack of interaction between
DMSO and the headgroups in the interior of water/lipid
interface. Such a peak is observed for the choline groups and
most likely associated with DMSO being present in the water
phase but not in the membrane.

It is instructive to examine the influence of DMSO on the
coordination of DPPC headgroups with each other at the lipid/
water interface of a bilayer. Pure, i.e., DMSO-free phosphati-
dylcholine bilayers demonstrate strong dynamic charge pairing

between phosphate and choline grothiEherefore, the average reorientation of lipid headgroups toward the membrane interior,

coordination of phosphorus atoms with nitrogen atoms of lipid iving rise to pore formation. The number of water molecules
headgroups can be a useful tool for probing the properties of IVINY P :

-2 : 0 g in the center of the membrane is subject to considerable
the lipid/water interfacé® The average coordination number of . -
. ; . g ._fluctuations, whereas the numbers of DMSO and lipid head-
N---P interactions is plotted in Figure 4a and shows a dramatic

drop with increase in DMSO concentration. Thus, DMSO, on groups are relatively stable (Figure 4c). This is in part because

penetration into the lipid/water interface, acts as a spacer pfthe presence of small, spontaneously occurring water defects

between the lipids, increasing the average lateral distance™ the membrane in addition to the relatively large and stable

betueen them and destroying the-® pairing. The DMsO- 2% POSe, °8 B T TS B B o be monitored
induced expansion of the DPPC membrane accompanied by group

concurrent decrease in the membrane thicknessmorane is athrough the change of the angiebetween the PN vector of

tabulated in Table 1. The induced lateral expansion of lipids a lipid headgroup and the outward bilayer normal (Figure 4b).

s : The average anglefor the bilayer system with a pore (10
also appears to enable the lipid headgroups to reorientate and ol % of DMSO) is larger thamxTor the system characterized

causes a decrease in the ordering of the acyl chains, thus makin y an intact bilayer (7.5 mol % of DMSO). The value @[]

the membrane more fluid. In a DMSO-free bilayer, the lipid - .
headgroups are oriented almost parallel to the bilayer surfaceSt&yS unchanged for DMSO concentrations ranging from 10 to

due the above-mentioned pairing between the headgroups, the15d.nt19t|) :/" (F:cghured 4b), mlqs.t “keht/ becausg progressn{ed
average angle between the PN vector of a DPPC lipid and redistribution of headgroups lining water pores 1S compensate

the outward bilayer normal being 80.2- 0.2°. DMSO, even by the overall more outward orientation of lipid headgroups

at low concentrations, enables the headgroups to adopt a moréjue .to membrane expansion. )
vertical orientation with respect to the lipid/water interface It iS noteworthy that for concentrations 12.5, 15.0, and 20.0
(Figure 4b). mol % of DMSO, we witnessed formation of multiple pores.
As DMSO concentration is raised to 10 mol % and higher On average, we observed two transient water pores with an
we observe further lateral expansion of the bilayer, which is average pore radius of1 nm in a membrane patch comprising
accompanied by the progressive loss of interactions between@n area of around 70 rfmThis leads us to an average pore
the headgroups of different lipid molecules and by the related density of~3 x 102 pore per cr In practical terms, for the
decrease in bilayer thickness (see Figure 4a and Table 1). As &&xample of a spherical liposome with a diameter ofn, this
result, the lipid/water interface becomes rather prone to structuralMeans approximately (pores, so that pores occupy around
defects resulting from thermal fluctuations. Furthermore, in- 10% of the overall liposome surface.
creasing numbers of DMSO molecules near the lipid/water As seen from the mass density profiles (Figure 3), the
interface force their appearance into the membrane interior: structure of the system with 20 mol % of DMSO deviates

The characteristic time of pore formation was found to be
strongly dependent on DMSO concentration. The slowest pore
formation (~20 ns) was observed for a DPPC bilayer with 10
mol % of DMSO, the fastest one-@ ns) for the bilayer system
with 20 mol % of DMSO. To characterize the process of pore
formation, in Figure 4c we present the time evolution of the
numbers of DMSO molecules, water molecules, and lipid
headgroups in 0.5 nm slab in the center of the bilayer for the
system with 12.5 mol % of DMSO. The DMSO molecules
rapidly partition into the membrane interior, reaching equilib-
rium concentration within the membrane in about 3 ns. This
promotes formation of spontaneous water defects and subsequent
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Figure 3. Componentwise mass density profiles for bilayer systems with 0, 5, 10, 20, 40, and 100 mol % of DMSO. Shown are density profiles
for DPPC lipids (black lines), DMSO molecules (red lines), water (green lines), and phosphorus atoms of lipid headgroups (blue lines).

significantly from that of a conventional lipid bilayer. The lipid/  experiments that this process may have a role in enhancing
water interface is smeared, large multiple pores take up membrane permeabilii?.Of notable interest is also the increase
considerable amount of water, and DMSO densities inside andin curvature induced by DMSO of the lipid membrane as seen
outside the bilayer becomes indistinguishable. In fact, this in Figure 6D.
system can be considered to be on the “borderline” of what A thorough consideration has to be given to possible artifacts
could be defined as a bilayer. It turns out that a further increaserelated to the use of the periodic boundary conditions in our
in DMSO concentration fully destroys the bilayer structure and study: The progressive expansion and thinning of a membrane
eventually leads to an isotropic structure comprising lipids, with DMSO concentration leads to a decrease in the repeat
DMSO, and water (Figures 2 and 3). For this system, as would distance of a lamellar stack of periodic bilayer images, which
be expected, the acyl chains are almost fully disordered (theis likely to enhance the bilayetilayer interaction effects. It
deuterium order parameter is close to zero), any preferentialis therefore very important to ensure that such “artificial”
orientation of lipid headgroups is absefqso = 0), and the interaction does not affect the main findings of the present study.
interlipid coordination between the headgroups is at its minimal For these purposes we performed additional simulations of the
level (see Figure 4a). bilayer systems at the three DMSO concentrations that were
Remarkably, we found that the early stages of membranetypical of each mode of DMSO’s actions reported above,
rupture are accompanied by desorption of individual lipids out namely, 2.5, 10.0, and 30.0 mol %; the number of solvent
of the membrane. Figure 6 illustrates this process for the DPPCmolecules (DMSO and water) in these simulations was increased
bilayer system with 30 mol % of DMSO. Lipid extraction events by a factor of 4. This ensures that one has arour@® &im
can be witnessed as early as withinZns after the onset of  between periodic images of a lipid bilayer, thereby minimizing
DMSO action. The lipid desorption observed here at an atomic- the interaction between the bilayer images. It turns out that all
scale resolution confirms some earlier suggestions based onour findings regarding modes of actions of DMSO also hold
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Figure 4. (a) Average coordination number of nitrogen atoms with
phosphorus atoms of lipid headgroups as a function of DMSO molar
concentration (only interlipid coordination was taken into account). (b)
Average angléd[between the PN vector of DPPC lipid headgroups
and the outward bilayer normal as a function of DMSO molar
concentration. (c) The time evolution of numbers of water molecules
(black), DMSO molecules (red), and lipid headgroups (green) within
a 0.5 nm slab in the middle of the membrane during the pore formation
process for the system with 12.5 mol % of DMSO.
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Discussion

The observed DMSO-induced thinning and expansion of a
phospholipid bilayer and the increased fluidity of its hydrophobic
core are able to explain why DMSO promotes the permeation
of solutes, in particulahydrophobicentities, across the mem-
brane: the path length is reduced and diffusion itself is facilitated
because of the enhanced fluidity of the membrane interior. These
findings are in good agreement with available X-ray diffraction
measurements of DPPC bilayers in DMSO/water sol¢éht.
that experimental study the authors found that DMSO at
relatively low concentrations (up to 13.3 mol %) easily
penetrates between the polar headgroups of phosphatidylcholine
lipids and gives rise to an increase in the area occupied by lipid
and to a drop in the bilayer thickness.

Probably the most significant finding of the present study is
the induction of transient water pores by DMSO, confirming
earlier suggestions from coarse-grained simulatforithe
formation of transient water pores in the current atomic-scale
simulations spanning long timescales makes DMSO-induced
pore formation a credible phenomenon. Furthermore, the
implication of transient pore formation, i.e., enhanced perme-
ability of hydrophilic solutes observed experimentaifylinks
remarkably well with many of DMSO’s pharmacological actions
including analgesia, protection against ischemic injury, and
cryopreservation, that involve modulation or disruption of ion
or water transport across a cell membrane. It has to be
emphasized that the fact that DMSO molecules do not interact
favorably with lipid headgroups as discussed above is crucial
for the observed pore formation as lipid molecules are not bound
to each other through DMSO bridges and hence are able to
reorient easily toward the membrane interior, stabilizing a pore.
On this basis, one can expect a similar effect for other small
aprotic solvents such as dimethylacetamide and dimethylfor-
mamide?® On the other hand, polgprotic solvents such as
ethanol most likely do not induce formation of pores in
membranes because of their strong hydrogen bonding to polar
lipid headgroups.

The disruption of lipid bilayers observed in our study at high
concentrations of DMSO suggests that DMSO is not able to
hydrate a lipid bilayer in the way that water does. In particular,
in the limiting case of pure DMSO solvent the structure of a
bilayer was found to be destroyed (Figure 3), implying that a
phospholipid bilayer cannot be stabilized by DMSO. This seems
to be at odds with the electron density profiles observed in X-ray
diffraction experiments that reveal evidence of a significantly
disordered but interdigitated lamellar phase in pure DMSO
solvent?6 However, these experimental studies refer tgeh
phase structure at = 303 K, which is well below the 350 K
temperature of the present study, and thus cannot directly be
compared with the current results. Clearly, it would be both
interesting and instructive to address this problem in the future
by performing atomic-scale MD simulations studies of the

for these systems containing considerably increased amountsffects of DMSO on phospholipid bilayers in the gel phase.

of solvent. The only significant difference is that we observe a
certain enhancement in DMSO activity: DMSO-induced mem-
brane thinning is now more pronounced, and both pore
formation and membrane disintegration occur more rapidly

The various modes of action of DMSO provide a rationale
for the experimentally observed action of DMSO as a fusogen
of cellst® and of liposomes. As far as fusion gflre lipid
membranes is concerned, the crucial step in the process is the

compared to the smaller systems considered above. This ismerger of the proximal leaflets of the two bilay&fsThis step

mostly due to the fact that the absolute amount of DMSO

can be greatly facilitated by local perturbations of the structure

molecules approaching the membrane interface from the aqueousf the proximal lipid leaflets and our findings indicate that
phase increases as the solvent/lipid ratio goes up. This, inDMSO fits well for this role: It induces pores, heavily perturbs

particular, suggests that larger solvent/lipid ratios will shift the
reported concentration ranges typical of different modes of
DMSO activity to lower DMSO concentrations.

the bilayer structure, and extracts lipids out of bilayer leaflets;
all this can potentially lead to mixing up of lipids of proximal
bilayers.
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Figure 5. Pore formation in the bilayer system with 10 mol % of DMSO. Water is shown in red, DMSO in cyan, choline and phosphate groups
of lipid headgroups in green and yellow, respectively. Lipid acyl chains are not shown.

Now we turn to comparison of our findings with computa- fields employed for the DPPC lipids between the studies could
tional results of previous studies. In 1999 Smondyrev and have a significant effect. For a DPPC bilayer without DMSO
Berkowitz reported an atomistic MD study of a DPPC bilayer at T = 350 K, Sum and de Pablo reported 0.6682%rfor the
in pure DMSO solvent af = 323 K in which they found that  area per lipidAL] whereas we found a larger value of 0.692nm
only a very small number of DMSO molecules penetrated into (see Table 1). In particular, this indicates that the force-field
the membrane so that the bilayer structure was stable and almostised in our study provides a better match with the experimental
unaffected by DMSQ. This result (superficially) contradicts  value of 0.719 nrhat T = 353 K18 More importantly, this
both the experimental data and simulation studies reportedsuggests that the force-field used by Sum and de Pablo favors
later/8 This discrepancy is probably attributed to the very short a more condensesitate of the DPPC bilayer compared to our
(relative to current standards) simulation time employed in that model. Indeed, for the system with 10 mol % of DMSO they
study (2 ns) and also to the lower temperature of the study, found an area per lipid offAd = 0.87 nn%; this area
namely, T = 323 K, which is much lower than the phase approximately corresponds in our case to a bilayer system with
transition temperature of 350 K reported for the DPPC/DMSO a considerably lower concentration of DMSO (between 5 and
systemt> 7.5 mol %, see Table 1). Therefore, in a certain sense, our

The study of Sum and de Pablis more comprehensive, findings are in line with the results reported by Sum and de
investigating the effect of DMSO at various concentrations. At Pablo: there is no pore formation observed for a DPPC/DMSO/
low DMSO concentrations{10 mol %) their results are in very ~ water system with an area per lipid 610.9 nn?. This means
good agreement with our findings. However, at the 10 mol % that the potential model employed in ref 7 will most likely also
DMSO they did not find any evidence that water molecules reveal pore formation for more expanded bilayers, i.e., at higher
can penetrate into the bilayer for the system, whereas we reportbMSO concentrations.
formation of a water pore at this DMSO concentration. We  For the pure DMSO solvent system, Sum and de Pablo’s
believe the reason for this discrepancy is twofold. First, again resultg are in contrast to current results in that they found the
the simulation time is considerably shorter, 13 ns versus our DPPC bilayer to be stable, whereas the bilayer disintegrates in
50 ns (we recall that formation of a stable water pore at 10 mol the current study. However, a closer inspection of their results
% is observed only after 20 ns). Second, the difference in force- reveals that there is no actual discrepancy with our results. They



Molecular Mechanism of Action of DMSO J. Phys. Chem. B, Vol. 111, No. 35, 20010459

Figure 6. Desorption of lipid molecules from a membrane under the influence of 30 mol % of DMSO: (A) 0 ps, (B) 2280 ps, (C) 3030 ps, (D)
3400 ps, (E) 4500 ps, and (F) 9490 ps. Extracted lipids are highlighted in yellow; water and DMSO are not shown.

report a markedly lower area per lipid for the pure DMSO we witness formation of transient water pores and water defects
solvent system compared with their 10 mol % DMSO system in addition to progressive thinning of the membrane. Further
(77.3 vs 87.0 n). They also observe that the bilayer interface increase in DMSO concentration leads to the desorption of
is not well defined and that the acyl chains are much more individual lipid molecules out of the membrane surface followed
disordered with at least some of them exposed to the bulk by disintegration of the bilayer structure of the lipid membrane.
DMSO solvent. This description of the state of the DPPC bilayer The reported membrane thinning and, in particular, pore
in pure DMSO is akin to the early stages of bilayer disintegration formation provide a credible molecular-level explanation of how
observed by us. We consider that Sum and de Pablo’s systenDMSO promotes permeation of molecules, particularly those
would also disintegrate given more time and possibly a greater of hydrophilic nature, through lipid membranes as observed
number of DMSO molecules. Their force-field, which favors a experimentally. The DMSO-induced water pores and associated
more condensed system, is also likely to add some additionalenhanced permeability is remarkably consistent with many of
inertia to system disintegration. DMSO'’s pharmacological effects (e.g., analgesia, protection
In conclusion, we have performed a systematic study of the against ischemic injury, and cryopreservation), which on the
effects of the aprotic solvent, dimethyl sulfoxide, on phosphati- basis of current findings can all be explained by modulation or
dylcholine lipid membranes at = 350 K using atomic-scale  disruption of solute transport across membrane via DMSO-
MD simulations. DMSO exhibits three distinct modes of action, induced pore formation. Furthermore, the local loss in integrity
each in a particular concentration regime. At low concentration of the bilayer structure of lipid membranes induced by high
(below 10 mol %), DMSO induces significant lateral expansion concentrations of DMSO could be a key for understanding the
of the membrane with a concurrent drop in membrane thickness.molecular mechanism that enables DMSO to be a very effective
At DMSO concentrations in the range from 10 to 20 mol %, cell fusogen. Finally, the study emphasizes the importance of
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identifying an optimal concentration of DMSO in practical
applications in cell biology, since different applications (both
current and new) would depend critically on DMSO acting in
a particular regime.
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