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Dimethyl sulfoxide (DMSO) is a common solvent and biological
additive possessing well-known utility in cellular cryoprotection
and lipid membrane permeabilization, but the governing mecha-
nisms at membrane interfaces remain poorly understood. Many
studies have focused on DMSO-lipid interactions and the subse-
quent effects on membrane-phase behavior, but explanations of-
ten rely on qualitative notions of DMSO-induced dehydration of
lipid head groups. In this work, surface forces measurements be-
tween gel-phase dipalmitoylphosphatidylcholine membranes in
DMSO-water mixtures quantify the hydration- and solvation-
length scales with angstrom resolution as a function of DMSO
concentration from 0 mol% to 20 mol%. DMSO causes a drastic
decrease in the range of the steric hydration repulsion, leading to
an increase in adhesion at a much-reduced intermembrane dis-
tance. Pulsed field gradient NMR of the phosphatidylcholine (PC)
head group analogs, dimethyl phosphate and tetramethylammo-
nium ions, shows that the ion hydrodynamic radius decreases with
increasing DMSO concentration up to 10 mol% DMSO. The comple-
mentary measurements indicate that, at concentrations below
10 mol%, the primary effect of DMSO is to decrease the solvated
volume of the PC head group and that, from 10 mol% to 20 mol%,
DMSO acts to gradually collapse head groups down onto the sur-
face and suppress their thermal motion. This work shows a connec-
tion between surface forces, head group conformation and
dynamics, and surface water diffusion, with important implica-
tions for soft matter and colloidal systems.

dimethyl sulfoxide | hydration shell | membrane interactions | lipid
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olute additives (e.g., osmolytes or denaturants) often play a

key role in modulating biological interactions, where mole-
cules can recognize each other and form assemblies. Dimethyl
sulfoxide [DMSO, (O = S)(CHj);] and DMSO-water mix-
tures in particular have attracted particular interest in biology
and chemistry. DMSO is one of the most commonly used
cryoprotectants in cellular systems (1), where it colligatively
reduces the melting point of aqueous solutions and exerts
additional effects that prevent cellular damage on freezing/
vitrification. Additional effects not seen with conventional
glycol- and saccharide-based cryoprotectants include an in-
crease in lipid membrane permeability of an array of solutes
(2), promotion of cell fusion (3) and differentiation (4), and
enhanced membrane resealing after damage (5). These phe-
nomena are well-documented along with their dependence on
DMSO concentration, but the molecular behavior of DMSO
near lipid membranes remains a mystery.

Bulk properties of DMSO-water mixtures are well-charac-
terized. The oxygen and sulfur atoms of DMSO have a partial
negative and positive charge, respectively, giving rise to a dipole
moment of 3.96 Debye that exceeds nearly all conventional
solvents. Dielectric relaxation spectroscopy (6), molecular dy-
namics simulations (7), and "H NMR studies (8) have shown that
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bulk water forms hydrogen bonds with the oxygen of DMSO in the
ratio of 1:2 (DMSO:water), bonds that are approximately five
times longer lived than water—water hydrogen bonds (7). Conse-
quently, DMSO-water mixtures near this 1:2 ratio display maxima
or minima in density (9), viscosity (9), freezing point (10), and heat
of mixing (11) among other properties (8). However, any experi-
mental quantification of the properties of DMSO-water bonds at
the lipid membrane surface (let alone as a function of DMSO
concentration) remains unknown.

Previous work has primarily focused on DMSO-lipid in-
teractions and the subsequent effects on thermotropic lipid-
phase behavior, typically involving the most biologically preva-
lent class of lipid: phosphatidylcholine (PC). IR spectroscopy
experiments (12) have suggested that the partially charged atoms
of DMSO associate with oppositely charged moieties of gel-
phase dipalmitoylphosphatidylcholine (DPPC) lipid head groups,
potentially replacing water—lipid hydrogen bonds. Differential
scanning calorimetry studies have found DMSO to mono-
tonically increase the chain melting temperature (7,,,) of DPPC
lamellae (13). Concentrations of DMSO above 10 mol% (1
DMSO molecule per 9 water molecules) at 25 °C induce a subgel
phase (14), which is characterized by different head group or-
dering. Small-angle X-ray and neutron scattering studies (15-17)
have shown that DMSO substantially decreases the solvent gap
thickness (equilibrium separation) between lamellae of both gel-
phase and fluid PC multilamellar vesicles. Explanations for
the phase behavior and equilibrium separation phenomena
often implicate some mechanism of head group dehydration/
desolvation brought about by DMSO (14, 16, 18).

Recent measurements of translational water diffusivity within
~1 nm of the surface of unilamellar DPPC (gel phase) and
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dioleoylphosphatidylcholine (DOPC, fluid phase) vesicles us-
ing the Overhauser Dynamic Nuclear Polarization relaxometry
technique (19) show a continual increase in water diffusivity with
DMSO concentration (20) Water diffusivity, Dy, near the head
groups increased ~50% in going from 0 mol% DMSO (pure
water; Dy, = 7.7 x 107 m%s) to 7.5 mol% DMSO (D, = 11.4 x
10710 2/s) for DPPC membranes, whereas the mobility and or-
dering of PC head groups remained constant up to 10 mol% (20).
This hydration dynamics study is perhaps the strongest evidence
yet of DMSO weakening the cohesion of the surface water,
which suggests that head group dehydration is facilitated at
DMSO concentrations <10 mol%. Although plausible, no rig-
orous connection has been experimentally established between
solvent dynamics and the forces that govern membrane fusion,
permeability, or the equilibrium separation of bilayers in multi-
lamellar lipid membrane systems.

Using the surface forces apparatus (SFA) technique, the
force—distance measurements between supported DPPC bilayers
presented in this work offer a quantitative description of the
effect of DMSO on lipid solvation-length scales. We restrict
ourselves to DMSO concentrations <20 mol%, which many of
the aforementioned literature studies have done. A pulsed field
gradient (PFG) NMR study of molecular diffusion and SFA
measurement showing hydration of the choline moiety provide
independent support of the quantifications made from fitting the
interbilayer forces. Short-range forces (at surface separations <2 nm)
are especially informative and sensitive to the DMSO concen-
tration, acting at distances where one would expect effects on
membrane rigidity, head group ordering, and solvent structure to
manifest themselves. The role of water in short-range bilayer
interactions has been a point of contention (21-23), especially in
explaining the pseudoexponential repulsion commonly observed
below ~2 nm of separation. It has been argued that solvent-
structural “hydration forces” govern this repulsion (24) and
conversely, that entropic fluctuations of thermally mobile head
groups dominate the interaction (25). Through modulating the
solvation of lipid head groups with DMSO, this study provides
direct insight into addressing this fundamental question of the
existence and origin of hydration forces.

Results and Analysis

Equilibrium Force-Distance Measurements. To determine the ef-
fects of the additive DMSO on the lipid bilayer interactions, the
interaction forces were measured with SFA. Briefly, in SFA ex-
periments, the absolute distance between back-silvered mica
surfaces in a cross-cylinder geometry is measured with inter-
ferometry, and the force, F, is measured by the deflection of a
cantilever spring (26). Force-distance profiles are typically
shown as the force, F, normalized by the radius of the surfaces,
R, plotted against the separation distance, D (i.e., F/R vs. D).
Force is converted to the interaction energy between flat plates,
W, using the Derjaguin Approximation, W = F/2zR (27) (valid
for weak adhesion, which is the case in this work). Before each
experiment, the mica sheet thicknesses are measured followed by
Langmuir-Blodgett deposition of bilayers as described in Mate-
rials and Methods.

The zero distance, D = 0, corresponds to the hypothetical
bilayer-bilayer contact in air—a convention often used in SFA
and osmotic stress measurements between bilayers (24, 28).
Thermal fluctuations of the head groups and their associated
hydration in water prevent the surfaces from approaching D =
0 in practice. The single-bilayer anhydrous thickness, T, was
found to be 5.0 + 0.1 nm (the procedure is described in Materials
and Methods).

Representative force—distance profiles, F/R vs. D, for DMSO
concentrations, Cpwmso, between 0 mol% and 20 mol% are
shown in Fig. 1. Quasistatic force measurements were taken in
the repulsive regime (Fig. 14) using a piezoelectric crystal to
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Fig. 1. Forces, F, measured between mica-supported gel-phase DPPC bilayers
in DMSO-water mixtures at 22 °C and pH 6.0 + 0.2. Solid colored lines corre-
sponding to 0 mol%, 2 mol%, and 7.5 mol% DMSO runs are fits comprised of
polymer brush and van der Waals forces. Force curves for 10% and 20% DMSO
were unable to be fitted with the polymer brush equation owing to their
steepness in the repulsive regime, but corresponding hand-drawn (dotted)
lines were included for consistency. (A) Static measurements of repulsive forces
on a semilog plot. Values for the fits at D < 1.3 nm were drawn by hand
(dotted) because of mathematical divergence of the van der Waals force near
Do,vaw- The steep upturns of forces above 20 mN/m in the 0-7.5 mol% data
series occurred when the surfaces began deforming noticeably, resulting in
inaccurate R values. (B) Adhesion forces, F,q, measured on slow separation of
the surfaces. Dashed lines show a reduced van der Waals force resulting from
screening of the Hamaker constant by the zwitterionic head groups (28). The
solid gray line corresponds to a van der Waals force (Do yaw =0 nm, A = 2.3 x
1072° J), which may be operationally used to describe adhesion forces in this
system but was not used in the full fits of the force curves.

move one surface in steps of 2-20 nm, with subsequent 30 s
of equilibration time before the separation distance, D, was
measured. In the attractive regime (Fig. 1B), measurements were
made dynamically but very slowly, wherein one surface was
driven at a constant speed (0.1-0.2 nm/s). Values for the adhe-
sive force, Fo4/R, are given by the depth of forces into the at-
tractive regime before the jump out, a mechanical instability
dependent on spring stiffness. Dynamic measurements allowed for
more accurate determination of adhesive force, F,¢/R (0.1 mN/m),
and the corresponding separation distance at which the jump out
occurs at D, (+0.1 nm) on separation of the surfaces.

Adhesive forces/energies increased monotonically with Cpyso,
and the value at Cpyso = 20 mol% (Foa/R = —2.6 mN/m, W4 =
—0.41 mJ/m?) was appr0x1mately three times that in water (F,a/R =
—-0.9 mN/m, W,q = —0.14 mJ/m?). The separation where the ad-
hesive force is measured, D,, corresponds to the equilibrium sep-
aration (i.e., the energy minimum) between flat plates by way of
the Derjaguin Approximation. D, decreased monotonically with
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Cpmso.- Explanations for these trends are given in Discussion
and Conclusions. The equilibrium water gap thickness between
lamellae of gel-phase multilamellar vesicles has been measured
as a function of DMSO concentration by using small-angle
neutron scattering (15), with quantitative values comparable with
our D, values (Fig. S1).

Forces between bilayers in DMSO-water mixtures have been
measured one time before (29). SFA measurements of DOPC
bilayers in a 10 mol% DMSO solution showed that F,4/R ap-
proximately doubled in going from 0 mol% to 10 mol% DMSO,
which is in agreement with our measurements. Because the mea-
surements were done on fluid-phase bilayers, additional effects,
such as bilayer fusion and nonreversible structural disruption, were
observed that do not appear in our gel-phase measurements.

Fitting Models for Force Curves. The measured force—distance
profiles for Cpmso < 7.5 mol% can be fitted with a high degree
of accuracy in the range 1.3 nm < D < 2.2 nm using two com-
ponents of force, an attractive van der Waals force, and a re-
pulsive hydrated head group overlap (polymer brush) force. The
van der Waals equation is as follows (Eq. 1):

F(D) -A
= , (1]
R 6(D_D0,de)2

where A is the Hamaker constant, which can be fitted and also
calculated from the dielectric constant and refractive index of
the bilayers and solution, and D, q is the plane of origin from
which the force effectively originates owing to the head groups
that protrude ~0.5 nm out from the anhydrous thickness, D = 0,
of each bilayer. The head group overlap force contribution,
slightly modified to account for hydration-excluded volume ef-
fects, is as follows (Eq. 2) (30):

F(D) _16nkTL |, 2L 5/4+ 5 (P~ Doprush G o
R 3553 D — Do,brush 2L

[2]

over the range Dgprush < D < Doprush + 2L, where Dg prush 1S
the plane of origin of the force, L is the height of the hydrated
head group brush, and s is the lateral separation between head
groups. Hydration effects are often not explicitly accounted for,
because typical brush heights greatly exceed solvent dimensions.
The D prysh term is included here to account for such effects, anal-
ogous to the van der Waals excluded volume correction to the
pressure of a gas; 1’1 becomes [I(1 — b/V')]™", which is used to
calculate finite ion sizes in surface forces measurements (27).

Fitting parameters and associated SDs used in Egs. 1 and 2
are shown in Table 1. For D/2L in the range 0.2-0.9, Eq. 2 is
roughly exponential, with a decay length A = L/x. Fits using this
exponential approximation are given in Fig. S3 and Table S1. At
concentrations Cppmso = 10 mol%, the repulsive force was too steep
to obtain an accurate value of 1 or L.

For all of the data series corresponding to Cpymso < 7.5 mol%
in Fig. 1, forces at D < 1.3 nm were not fitted, and thus, the fits in
this range are drawn by hand. At separations D < 1.3 nm, the
sum of Egs. 1 (for van der Waals) and 2 (for head group overlap)
begins to diverge strongly toward negative values of F because of
the D™ dependence of the van der Waals contribution. This
divergence has never been observed experimentally, likely be-
cause of a reduction in D, 4w On compression of the bilayers.
Forces on approach at separations D > D, (shown only for
CpMmso = 0%) were not fitted with Eq. 1 or Eq. 2 but likely
contain contributions from the van der Waals force reduced by a
factor of ~6 because of screening of the zero-frequency contri-
bution of A by the zwitterionic head groups (28) and a weak
electrostatic repulsion. The electrostatic repulsion is caused by
either a residual potential from the mica surface (corresponding
to a surface potential y ~ 30 mV) or traces of charged lipid
impurities in the bilayer (w ~ 20 mV). The latter has been ob-
served several times previously (31, 32).

At Cpmso < 7.5 mol%, fitted and theoretical values of A are in
good agreement with each other using a constant van der Waals
plane of origin, D, yqw = 1.05 nm (28). The discrepancy at Cpmso
> 10 mol% could be caused by a large difference in the dielectric
properties between the interfacial and bulk solvent, but one
might expect this difference to exist at the lower DMSO con-
centrations as well. Alternatively, a slight reduction of D, yqy for
Cpmso = 10 mol% would rationalize the difference. The values
for D, yaw, Which make the fitted and theoretical A4 values match,
are, for 10, 15, and 20 mol% DMSO, 0.9 + 0.1,0.9 + 0.1, and 0.7 +
0.1 nm, respectively. These values for 4 correspond physically to a
change in head group conformation, resulting in D, 4w for each
bilayer shifting ~0.1 nm inward toward the respective hydrocarbon
regions relative to Dy yaw in Cpumso < 7.5 mol% solutions.

The adhesive force between the bilayers increases mono-
tonically with Cpmso, despite a monotonically decreasing value
of A (shown in Table 1), which indicates that the increased at-
traction is caused by a decreased range of the repulsive force. A
similar conclusion was reached by Claesson et al. (33) in mea-
surements of forces between poly(ethylene oxide) (PEO) mono-
layers in water. With an increase in temperature, Claesson et al.
(33) observed an increase in adhesion and a decrease in D,,, which
were shown to be a result of a decreased range of the steric hy-
dration force caused by dehydration of PEO groups rather than

Table 1. Parameters for head group overlap (Eq. 2) and Van der Waals (Eq. 1) fits
Hamaker constant,
A (x1072"))
Brush length,* Lateral head group separation, Plane of origin,
Mol% DMSO L (+0.03 nm) s (£0.1 nm) Do,brush (0.1 nm) Fitted,” +0.4 Theoretical®
0 0.64 1.4 0.9 7.0 7.0
2 0.57 1.3 0.9 6.2 6.4
5 0.53 1.2 0.8 5.1 5.4
7.5 0.47 1.1 0.8 4.3 4.9
10 § § § 2.6 4.4
15 § § § 2.3 3.7
20 § § § 0.8 3.2

*Corresponding decay lengths (A; £0.01 nm) in the exponential regions are 0.20, 0.18, 0.17, and 0.15 nm, respectively.
TFitted A values were calculated using a constant Do,yaw Of 1.05 nm (28).
*Theoretical values for A calculated using values of dielectric constant (e; = 3.8) and refractive index (n, = 1.464) for bilayers and bulk

values of &3 and n; for the solvent (9) (Fig. S2).

SMeaningful fitting parameters could not be obtained because of the steepness of the force in the repulsive regimes.
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augmentation of the attractive van der Waals force. In this work,
at Cpmso < 10 mol%, values for L and D, prysh decreased with
increasing Cpmso, suggesting either a gradual collapse of the
head groups or more likely, a gradual decrease in head group
hydrated excluded volume, which is addressed in Discussion and
Conclusions. The fitted head group separation, s, decreased
slightly as well but always exceeded the predetermined value of
0.72 nm according to head group density. Even in grafted polymer
brush systems, fitted values of s are known to vary from actual
values for a number of reasons (25, 30, 34). In this case, the
effect of lateral diffusion of head groups and their short length
compared with the typical polymer brush make the trend in
s difficult to interpret physically.

It is worth noting the other potential contributions to short-
range bilayer interaction that are often considered but do not
seem to be of significance in our results. Four main contributions
to the steric hydration repulsion between bilayers have been
identified in the literature (25): undulation (Helfrich), pro-
trusion, peristaltic (bilayer compression), and head group over-
lap. The entropic nature of these forces allows one to include
hydration-excluded volume effects through shifts in planes of
origin without the addition of a separate hydration force. The
undulation force arises from the suppression of long-wavelength
thermal ripples in the free-standing membranes on surface ap-
proach and can be ruled out in measurements between sup-
ported bilayers, which is the case in this work. The protrusion
force arises from suppression of molecular-scale protrusions of
lipids into the solution. It is approximately exponential at D > 1.1 nm,
and the decay length is inversely proportional to the interfacial
energy of the solvent-hydrocarbon interface (25). This in-
terfacial energy, however, decreases monotonically with DMSO
concentration (Fig. S4), a trend that would dictate a longer decay
length with increasing DMSO concentration, and therefore,
changes in the protrusion force alone cannot explain the pre-
sented trends. Bilayer compressibility is not explicitly known as a
function of DMSO concentration, but in pure water, McIntosh
and Simon (35) found through X-ray diffraction that gel-phase
DPPC bilayer thickness does not change by more than 3% on
approach to 0.2-nm separation. Moreover, Marra and Israel-
achvili (28) found only a 0.1-nm decrease in the thickness of
fluid-phase egg PC bilayers on compressing to F/R > 20 mN/m
(D = 0.9 nm) in water through refractive index measurements.
Therefore, contributions from the peristaltic force are also
neglected. Thus, head group overlap is left as the primary con-
tributor to the repulsive force.

With such large DMSO concentrations, one might expect
significant contributions from a depletion force in our mea-
surements, but we believe that this is not the case. DMSO de-
pletion would dictate adhesive forces ~100 times larger than
those observed experimentally. Additional reasoning is given in
SI Text, section S5.

Regardless of the fitting equation(s) used, the trend of the
repulsive forces becoming shorter-ranged with added DMSO is
apparent, and semiquantitative statements about the role of
hydration forces can be made. For example, looking at Fig. 14
and Fig. S5 for more detail, one could say that, at /R ~ 20 mN/m,
the interaction force in 0% solution is shifted ~0.1 nm outward
(to higher D values) per bilayer more than that in 7.5 mol%
solution, despite a difference of 0.2-0.3 nm in extension of the
uncompressed and fully hydrated head groups into solution
(based on D, values), suggesting that approximately one layer of
bound/hydration water is removed from the interfacial region in
0% DMSO solution on compression to 20 mN/m. The presented
method of analysis offers a number of parameters that aid in
physical interpretation: L, Do, prysh, and fitted 4 (or shifts in D yqw),
but it is difficult to definitively conclude from SFA measure-
ments alone how much DMSO affects the hydrated excluded
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volume of the head groups, whereas it is clear that DMSO re-
duces the interbilayer repulsion.

NMR Measurements of Phosphate and Tetramethylammonium Hydro-
dynamic Radius. PFG NMR is a well-established technique to
measure bulk solute diffusivity averaged over milliseconds to
seconds observation times, from which an effective hydrated
solute size, time-averaged over the applied observation window,
can be extracted (36). The effect of DMSO on the solvated ra-
dius of the lipid head group was examined by diffusion NMR
measurements on model PC head group moieties in bulk solu-
tion: dimethyl phosphate (DMP™) and tetramethylammonium
(TMA™) molecules. The measured solvent viscosities (Table S2)
and solute diffusivities were used to calculate the solute hydro-
dynamic radius, ry, using the Stokes—FEinstein equation (Mate-
rials and Methods). Fig. 2 shows solute ryy at values of Cpmso,
where the SFA measurements were conducted.

Values of ry steadily decreased for both ions up to Cpmso =
7.5 mol%, after which point values remained constant within
error. The decrease in DMP™ solvated volume was 0.1 nm*® in
going from Cpyso = 0 mol% to 10 mol%, perhaps corre-
sponding to an equivalent shedding of approximately seven water
molecules from the solvation shell. The decrease in TMA* sol-
vated volume was 0.04 nm> over the same range of Cpyso, Which
corresponds to approximately three water molecules. The dif-
fusion NMR measurements, although not quantitatively trans-
ferable to SFA fitting parameters, show a solvation contribution
to the decreased range of the repulsion observed in SFA mea-
surements on increasing Cpyso from 0 mol% to 7.5 mol%.

In addition to bulk NMR measurements, SFA measurements
between mica surfaces (without lipids) in aqueous salt solutions
can give clear information about cation hydration. Cations ad-
sorb to the negatively charged mica surfaces, and upon bringing
the surfaces together, dehydration of the adsorbed cations gives
rise to a repulsive hydration force—the magnitude and range of
which are larger for more hydrated cations (37). SFA measure-
ments between mica surfaces in ternary mixtures of water,
DMSO, and TMACI are shown in Fig. S6. The results show a
decreased range of the hydration force in going from 0 mol% to
10 mol% DMSO and little effect beyond, which corroborates the
trend in ry; values for TMA™ measured with NMR.

0405
£ K
£ 036} ¢ . -
S o & °® ¢
2 g32] Mo PP O, .
S $ & DMP™,20 mM _
5028 & 5 :
B S $ $
S o4l H3c—r‘\1+—CH3 |
S 0.
T CH, TMAY, 10mM

0.20 —

0 5 10 15 20

DMSO concentration, Cpomso (Mol%)

Fig. 2. Hydrodynamic radii, ry, of DMP~ and TMA™ as calculated from bulk
NMR diffusion measurements in DMSO-dg-D,0-salt mixtures at 25 °C.
Measurements were made on solutions containing 20 mM NaDMP (~0.05
mol%) and 10 mM TMACI (~0.025 mol%).
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Discussion and Conclusions

The SFA and NMR measurements described above, in addition to
literature observations, suggest two regimes of DMSO interaction
with the PC head group. The first regime, illustrated in Fig. 3B
(Comso = 2-7.5 mol%), is partly characterized by unchanging
head group ordering and dynamics according to *'P NMR an-
isotropy measurements and the electron paramagnetic resonance
(EPR) line shape of nitroxide spin probes tethered to the PC
group (20). Scattering studies in the literature, although relatively
insensitive to choline position, have also shown no indication of a
change in head group conformation over this concentration range
(14). Based on this knowledge, the presented SFA and NMR
measurements show a gradual decrease in the solvated size of the
PC head group that occurs in this regime of DMSO concentration.
The decrease in L and D, pyysh Observed in the SFA measurements
may have a small contribution from a gradual collapse of the
head groups but is mostly caused by a decrease in PC head
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o,brush
D=0, anhyd.
hc interface

D=0, anhyd.gaé .............

hc interface
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Fig. 3. Schematic views of the PC head group in DMSO-water mixtures with
various dimensions and planes of origin drawn to scale in (A) pure water, (B)
2-7.5 mol% DMSO, and (C) 10-20 mol% DMSO. Atoms labeled P and N rep-
resent phosphorous and nitrogen, respectively. The hydrocarbon/head group
interface labeled “hc interface” is drawn at the height of the carbonyl groups.
The van der Waals plane of origin, Do vaw, is located at the same height in A
and B, because the position of the choline is relatively unchanged between
the two scenarios. Brush length, L, and brush plane of origin, Do prush, are
smaller in B than in A because of a decrease in head group-excluded volume
(i.e., dehydration). Do yaw is sSmaller in C than in B, reflecting gradual collapse
of the choline at large DMSO concentrations and orientation of the P-N
vector parallel with the plane of the bilayer. In C, the corresponding bilayer
displays little to no polymer brush character in SFA measurements.
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group-excluded volume because of its desolvation. It follows that
the decreasing range of the repulsion between bilayers shown
in this work in going from 0 to 7.5 mol% DMSO is a desolva-
tion effect.

In the second regime, illustrated in Fig. 3C (Cpmso = 10—
20 mol%), head groups are gradually collapsed down onto the
surface, and their mobility suppressed, which is, once again, cor-
roborated by the EPR and NMR measurements in ref. 20. The
repulsive force in Fig. 14 rises steeply and can no longer be
described by Eq. 2 for brushes. The van der Waals plane of or-
igin, D, vaw, subsequently shifts inward ~0.1 nm for each bilayer.
However, the NMR measurements suggest that the solvated
radius remains constant within this regime, indicating that the
mobility of the head groups is suppressed while they remain
solvated to a similar degree.

Although our measurements cannot directly probe the place-
ment and conformation of DMSO around the head groups, we
can deduce that DMSO must not be strongly bound to either the
phosphate or choline. If the DMSO molecule, approximately a
sphere with a diameter of 0.58 nm (38), were to bind strongly and
replace water tightly bound to the charged moieties of the head
group, one would expect the hydrodynamic radius (as probed by
NMR) and excluded volume to increase. Rather, the DMSO
competes with the PC head group for hydrogen bonds and
favorable electrostatic interactions with water. Recalling that
water-DMSO hydrogen bonds are stronger than water-water
hydrogen bonds (7), it follows that such competition tends to
draw bound water out of its strongly oriented and tightly bound
state. The driving force for the change in head group confor-
mation above 10 mol% DMSO is unclear, but based on the SFA
fitting parameters, we propose that DMSO gradually collapses
the PC head group and thus, decreases the angle between the
membrane plane and P-N vector as illustrated in Fig. 3C. Per-
haps the DMSO dehydrates the carbonyl or glycerol portions of
the lipid in this regime, allowing for collapse of the head group.
It should be noted that the above mechanisms are not general to
all cryoprotectants or polar cosolvents, which is shown in a
control experiment using glycerol instead of DMSO (Fig. S7).

By concluding that the shortening of the range of the repulsive
force in going from 0 mol% to 7.5 mol% DMSO is primarily a
solvation effect, we infer that the role of water in lipid membrane
interactions is to extend the range and decay length of the in-
teraction, a conclusion reached several times previously by experi-
mental and theoretical methods (22, 25, 39). This extension is
generally not referred to as a separate hydration force, but rather
as an excluded volume correction to a steric force. Hydration force
is typically used to describe forces wherein surface-bound water is
removed on compression (i.e., a shrinking head group-excluded
volume on compression), giving rise to a characteristic exponential
decay length of 0.3-1.0 nm (37). Fitting our data with an additional
exponential hydration force (in addition to Eqgs. 1 and 2) results in
poorer fits than those shown in Fig. 1, regardless of the fitting
parameters. However, replacing Eq. 2 (head group overlap) with
an exponential force yields acceptable results (Fig. S3). As men-
tioned above, it does appear that a small amount of bound water is
evicted on compression. The true role of water remains a subtle
one, but nonetheless seems to be captured in our fitting model.

The acknowledgment of a solvation contribution to measured
forces allows for comparison with interfacial solvent properties
and in particular, water diffusivity. We see now that the mono-
tonically increasing vesicle surface water diffusivity in going from
0 mol% to 7.5 mol% DMSQO, as measured in ref. 20, coincides with
a decreased range of repulsive forces and subsequently greater ad-
hesion. DMSO weakens water binding to the head groups, which
causes the interfacial water to diffuse faster (more like water
diffuses in the bulk) and a shortened range of the repulsive force
through a decrease in hydrated excluded volume. Quantitatively
establishing a correlation between surface or head group water
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diffusivity and surface forces would require overcoming the
hurdles of rigorous thermodynamic and/or kinetic treatment.
Our results reveal the potential for such a correlation, which
could be useful in using local water diffusivity as a predictive tool
for the stability of colloids and complex fluid systems.

Materials and Methods

Before each SFA experiment, the two mica surfaces were brought into contact
in air to calibrate the absolute zero of separation distance. Next, the mica
surfaces were coated with the lipid bilayers using Langmuir-Blodgett de-
position and transferred under water to the SFA. The bilayers in the SFA
experiments were composed of an inner leaflet monolayer of dipalmitoylphos-
phatidylethanolamine (DPPE, deposited at 28 mN/m surface pressure,
0.42 nm? per lipid) and an outer leaflet monolayer of DPPC (19 mN/m,
0.52 nm?). The single-bilayer thickness, T, was calculated from SFA mea-
surements of the thickness of two DPPE monolayers in air and two DPPC
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monolayers in air both at the same surface pressure as the bilayers in the
force measurements.

The salt NaDMP was synthesized from trimethylphosphate and sodium io-
dide as previously reported (40) and confirmed to have ~96% purity by NMR.
NMR diffusion measurements were done using a PFG One-Shot Experiment
(Doneshot; Varian), for which a detailed explanation can be found in ref. 41.
Hydrodynamic radii were calculated using a modified Stokes-Einstein equa-
tion for scenarios when solute size is comparable with solvent size (42). Vis-
cosity measurements were done using a Lovis 2000 M Anton Parr Viscometer
with a 1.59-mm (400 pL) glass capillary tube and stainless steel ball. Interfacial
tension measurements were made using a Wilhelmy plate. The following
materials were purchased from commercial suppliers and used without addi-
tional purification: DPPC, DPPE, DMSO, DMSO-dg, D,0O, and TMACI.
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