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Dehydration does not affect lipid-based hydration
lubricationt

Yihui Dong,? Nir Kampf,? Yaelle Schilt,” Wei Cao,® Uri Raviv {2 and Jacob Klein (2 *@

Phosphatidylcholine (PC) lipid bilayers at surfaces massively reduce sliding friction, via the hydration lubri-
cation mechanism acting at their highly-hydrated phosphocholine headgroups, a central paradigm of bio-
logical lubrication, particularly at articular cartilage surfaces where low friction is crucial for joint well-
being. Nanotribological measurements probed the effect on such lubrication of dehydration by dimethyl
sulfoxide (DMSOQ), known to strongly dehydrate the phosphocholine headgroups of such PC bilayers, i.e.
reduce the thickness of the inter-bilayer water layer, and thus expected to substantially degrade the
hydration lubrication. Remarkably, and unexpectedly, we found that the dehydration has little effect on
the friction. We used several approaches, including atomic force microscopy, small- and wide-angle
X-ray scattering and all-atom molecular dynamics simulations to elucidate this. Our results show that
while DMSO clearly removes hydration water from the lipid head-groups, this is offset by both higher
areal head-group density and by rigidity-enhancement of the lipid bilayers, both of which act to reduce
frictional dissipation. This sheds strong light on the robustness of lipid-based hydration lubrication in bio-
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Introduction

First described some 2 decades ago, the hydration lubrication
mechanism concerns the massive reduction of friction
afforded by hydration shells surrounding ions or zwitterions at
the slip-plane between sliding surfaces.'”” This arises from the
tenacious attachment, on a time average, of the hydration
layers about the enclosed charges, enabling large loads to be
sustained without squeeze-out of the water, while at the same
time the rapid exchange of the hydration water ensures the
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logical systems, despite the ubiquitous presence of bio-osmolytes which compete for hydration water.

fluidity of the layers, resulting in low frictional dissipation."®
The hydration lubrication paradigm has also illuminated the
origins of low friction between biological surfaces sliding past
each other under large mechanical stresses. In particular, the
very low friction between articular cartilage layers in the major
joints (hips and knees), up to physiological pressures of order
10 MPa or more, has been attributed to hydration lubrication
between boundary layers comprising phosphatidylcholine (PC)
lipid assemblies that expose highly-hydrated lipid head-groups
at the slip plane.”™"" In biological media, including the syno-
vial fluid surrounding joints, there is a significant presence of
osmolytes which may compete for hydration water surround-
ing the lipid headgroups. Indeed, solute additives such as
osmolytes and denaturants are well known to regulate the
hydration network close to lipid headgroups, affecting the
short-range intermembrane repulsive hydration force between
them, e.g. ref. 12-22. Since the essence of the hydration lubri-
cation mechanism is the low energy dissipation afforded by
the tenacious but fluid hydration layers at the slip-plane,"®
one expects higher frictional dissipation if the extent of
hydration is reduced. The reduced efficiency of hydration lubri-
cation at high salt concentrations, relative to pure water, has
been attributed to such an effect,” i.e. the salt ions compete
with the lipid headgroups for the hydration water, reducing
the hydration of the latter, though the effect of salt in such a
system may be more complicated.>*??

A crucial question therefore concerns the efficiency of
hydration lubrication in environments containing osmolytes
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that compete for the hydration water,">*>19722*% and the
purpose of this study is to shed light on this. There are many
solutes such as glycerol,>>*° disaccharide,>” ethanol,® and
dimethyl sulfoxide (DMSO0)*° that have been reported to affect
the structures of cell membranes through dehydration effects.
Among them, DMSO attracted wide attention owing to its
amphiphilic character, and its effect on lipid bilayer structure
through its competition for water molecules has been fre-
quently studied.'**°** A DMSO molecule can form two hydro-
gen bonds with water molecules, whose lifetime is about five
times longer than hydrogen bonds in bulk water.** Thus,
DMSO can efficiently compete for water in the vicinity of the
lipid surfaces, reduce the extent of hydration, and weaken the
repulsive hydration forces between liposomes.'*">3>3¢ These
studies'*'>® show explicitly that addition of DMSO up to
about 10 mol% concentration results in a significant decrease
of the inter-bilayer water thickness (a decrease of ca. 0.5 +
0.1 nm). One might therefore expect DMSO to also substan-
tially reduce the hydration lubrication efficiency, as that is pre-
dicated on the high hydration reducing frictional energy dissi-
pation on sliding and shear.>®° More generally, extensive
studies have examined in detail the behaviour of water in the
vicinity of phospholipid membranes, including the strength of
water binding to the carbonyl and phosphate groups of the
phosphocholine groups of PC lipids,*” and the question of de-
hydration and its effect on the nature of the hydration shell
about such headgroups.*®

Cheng et al. studied the effect of DMSO on the structure
and interactions of lipid bilayers attached to mica.'* Below
10 mol% DMSO, they found that DMSO disrupts the water
network near the lipid membrane surfaces, and weakens the
cohesion within water and the adhesion of water to lipid head-
group.' Schrader et al. showed that DMSO causes a drastic
decrease in the range of the steric hydration repulsion and an
increase in adhesion between lipid bilayers."® They also found
that DMSO enhances the diffusivity of surface water and
decreases the range and magnitude of the repulsive forces
between the lipid bilayers at less than of <7.5 mol% DMS0.**

Here we use DMSO as a canonical dehydrating agent to
examine the effect of dehydration on lubrication by boundary
layers of PC lipids. Whereas dehydration by DMSO has been
shown to weaken hydration repulsion between lipid
bilayers,'*'*>3* the effect of dehydration on boundary lubrica-
tion between sliding lipid bilayers, central to friction reduction
and homeostasis in biomedical and biological systems,'*%*
is still unclear. This is because of the essential difference
between mechanisms of hydration repulsion, which is an equi-
librium effect, and hydration lubrication, which is a dynamic
effect concerning energy dissipation on shear. In this study,
we use a surface force balance (SFB) to systematically deter-
mine the effects of DMSO on the shear and normal forces
between surfaces bearing phosphatidylcholine-small unilamel-
lar vesicles (PC-SUVs) or PC bilayers. We then use several
approaches including atomic force microscopy (AFM), small-
and wide-angle X-ray scattering (SAXS, WAXS) and all-atom
molecular dynamics (MD) simulations on the same systems
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(PC-SUV + DMSO) to provide insight at the molecular level on
the effect of the dehydrating molecules on the structure of the
lipid layers, and thus on the lubrication mechanism. The
DMSO concentration used was less than 10 mol%, because in
this range there is no collapse of the lipid headgroup.’**® Our
results shed light particularly on the different opposing effects
of the DMSO on hydration lubrication by the lipid layers, and
on the robustness of this mechanism to the presence of dehy-
drating agents.

Results and discussion

Interactions between lipid-bearing surfaces across water and
across DMSO solutions

Normal force profiles. Normal force (F,) vs. surface separ-
ation (D) profiles between mica surfaces bearing small unila-
mellar vesicles of hydrogenated soy phosphatidylcholine
(HSPC-SUVs), measured at room temperature (25 °C) using the
SFB (Materials and methods), plotted as F,(D)/R in the
Derjaguin approximation (to normalize for slightly different
radii of curvature R of the mica sheets), are shown in Fig. 1.
The diameter of the vesicles in the dispersion in which the
mica surfaces were incubated (Materials and methods) was
determined by dynamic light scattering (DLS) as 76.7 + 0.3 nm
(peak value). In the absence of DMSO (Fig. 1(a)), interactions
were similar to those seen earlier for the same system:® A long-
ranged repulsion (D < ca. 300 nm) attributed to counterion
osmotic pressure due to residual charge on the opposing sur-
faces (i.e. a double-layer electrostatic interaction with a decay
length of ca. 65 nm), with a sharper rise in F,, onsetting at D <
ca. 100 nm, likely due to steric repulsion by the opposing
surface-attached vesicles (the steric repulsion was somewhat
shorter-ranged on second approaches at the same contact
points, suggesting, as also previously noted,” removal of
loosely-attached liposomes on first approach and shear). At
the strongest compressions, the surfaces reach a “hard-wall”
separation, Dy = 25 + 2 nm on first approach (filled symbols)
and 20 + 2 nm, on subsequent approaches (empty symbols),
corresponding to about 2 lipid bilayers, i.e. a flattened layer of
HSPC vesicles, on each surface.

Following these measurements, some of the water was
replaced by DMSO to reach 3 or 6 mol% DMSO. The resulting
F,(D)/R profiles (Fig. 1(b) and (c) respectively) were broadly
similar to those in pure water, save that both the magnitude of
the exponentially-decaying long-ranged repulsion as well as
the range of the strong steric repulsion was significantly
shorter, as seen by the blue-shaded overlay taken from
Fig. 1(a), with steric forces commencing at separations D S
70 nm and D < 50 nm respectively. We attribute these to the
adsorption of DMSO at the outer lipid-bilayer surfaces, acting
to reduce the effective surface charge (whose origin is in the
negatively-charged underlaying mica surface) responsible for
the double-layer repulsion on the one hand, and the adhesion
of loosely-attached liposomes on the other. That is, the
loosely-attached liposome overlayer becomes even more weakly

This journal is © The Royal Society of Chemistry 2022
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Fig. 1 Normal force (F,)), normalized by the radius of curvature (R ~ 1 cm), versus surface separation distance (D) between curved mica surfaces (F,/
R vs. D), measured for HSPC-SUV coated mica surfaces across pure water (a), 3 mol% DMSO (b), and 6 mol% DMSO (c). The D = 0 position is with
respect to mica-mica contact in air. The insets show the force—distance profiles close to the hard-wall separations on a magnified scale. For com-
parison, the blue shaded area represents the range of the force—distance profiles across pure water (a). Filled and empty symbols correspond to first

and subsequent approaches.

attached to the outer lipid-bilayer surfaces following addition
of the DMSO, which manifests as a weaker steric repulsion.
This is supported by zeta-potential measurements (ESI section
S1, Table S1t) showing that HSPC-SUVs become more posi-
tively charged in DMSO solutions, which would reduce the
negative surface potential at the outer surfaces of the mica-
attached liposomes. The surface separations Dy at the
highest compressions on second approaches were somewhat
smaller in the DMSO solutions (in the range (17-20) + 2 nm)
than for the DMSO-free water (20 + 2 nm). We attribute this in
part to dehydration of the bilayers by DMSO, and partly to
more efficient removal of the loosely-attached liposomes fol-
lowing the first approach and shear, due to their weaker
attachment in the DMSO case as noted above.

Shear (friction) force profiles. Fig. 2 shows typical shear-
force (F(t)) vs. time (¢) traces at different loads F,, between the
HSPC-SUV-bearing mica surfaces across water and across
3 mol% and 6 mol% DMSO solutions, in response to the
lateral back-and-forth motion applied to the upper surface.
The corresponding Fg vs. F, data is summarized in Fig. 3. The
results show that for all 3 systems — DMSO-free water and the
3 mol% and 6 mol% DMSO solutions - the friction remains
low and broadly at the same level, with the friction coefficient
u = FJ/F, ~ 107> at the highest loads (at which the corres-
ponding mean contact pressures are of order 100 atm). These
u values are comparable with (if slightly higher than) earlier
studies of lubrication by gel-phase PC-SUV boundary layers.”*°

Normal and frictional forces between POPC boundary layers.
Lipid boundary layers provide hydration lubrication whose
efficiency differs considerably between gel-phase lipid assem-
blies (such as the HSPC-SUV system described above, which is
strongly in its gel phase at the room temperature of the

This journal is © The Royal Society of Chemistry 2022

measurements) and liquid-phase lipid assemblies.'®*' To
examine the effect of DMSO on the latter we carried out
normal and shear force SFB measurements also between layers
of palmitoyloleoylphosphatidylcholine small unilamellar vesi-
cles, POPC-SUVs, adsorbed on mica, both across water and
across 3 mol% DMSO solution. These have a gel-to-liquid
phase main transition temperature 7,, = —2 °C and so are well
in their liquid phase at room temperature. The POPC vesicles
diameter in the incubating dispersion was determined (via
DLS) as 75.8 + 0.2 nm (peak value). The normal force profiles
between mica surface coated with POPC-SUVs across pure
water and 3 mol% DMSO are shown in Fig. 4(a), revealing a
weak longer ranged double-layer-like repulsion with decay
lengths in the range 80 + 10 nm, and stronger repulsion, attrib-
uted to steric interactions of loosely-attached vesicles on each
surface, at separations D < 100 nm. The scatter in the range of
the different profiles is attributed mostly to differing amounts
of loosely adsorbed liposomes on top of the surface-attached
layers, which lead to different steric repulsions at different
contact points. In contrast to the HSPC-SUV case (Fig. 1), there
is only a small difference between the DMSO-free and 3 mol%
DMSO profiles for the case of the POPC layers, which may be
attributed to little change in the effective surface charge of
these layers upon adding the DMSO, as indicated also in its
weak effect on the zeta-potential of the POPC-SUVs in dis-
persion (ESI section S1, Table S1f). Most significantly, the
final “hard-wall” separations Dy at the highest compressions
in both cases were 8.5 + 2 and 8.5 + 0.5 nm in water and
DMSO, respectively, indicating a single bilayer of the lipid on
each surface, in contrast to the single flattened vesicle layer
(i.e. two bilayers) on each surface for the case of the gel phase
HSPC-SUVs described earlier. This indicates that the POPC

Nanoscale, 2022, 14,18241-18252 | 18243
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Fig. 2 Typical traces of shear force versus time for sliding mica surfaces bearing HSPC-SUV. (a) in pure water; (b) in 3 mol% DMSO; and (c) in
6 mol% DMSO. The uppermost trace in each shows the back-and-forth lateral motion applied to the upper surface, whereas the other traces show
the forces transmitted to the lower surface at different loads (F,), the corresponding separation D, friction forces (F;), and the mean pressure across
the contact region. Each set of traces was recorded during the same approach profile.
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Fig. 3 Shear force as a function of the normal force (F; vs. F,,) between HSPC-SUV-coated mica surface in pure water (a), 3 mol% DMSO (b), and
6 mol% DMSO (c). Red lines in the main (log—log) figure and (lin—log) insets are constant friction coefficients u = F¢/F,, enclosing the bulk of the high
load data with values as in the adjacent legends. Solid and open symbols represent first and second approaches, respectively.

vesicles ruptured to form bilayers when adsorbed and com-
pressed on the mica substrate, in both water and in 3 mol%
DMSO solution, as seen directly via AFM measurements (ESI
section S2, Fig. S1}), which show them to be flat and continu-
ous, and as also previously reported.*’ We note that in contrast
to the HSPC case where Dyw (consisting largely of 4 bilayers, 2
on each surface), decreased on subsequent approaches, for the
POPC its value - corresponding to 1 bilayer on each surface —
changed little between first and subsequent approaches.
Friction force profiles between the POPC layers were deter-
mined in the SFB similarly to the HSPC case, and the results,

18244 | Nanoscale, 2022, 14, 18241-18252

based on shear force traces Fy(t) similar to Fig. 2 (and shown
in ESI section S3, Fig. S21) are summarized in Fig. 4(b). Very
low friction forces, not much above the noise level, were
recorded between the POPC layers at all applied pressures up
to ca. 100 atm. Similar results for POPC layers (though across
POPC-SUV dispersions rather than pure water) were reported
previously.*" The friction coefficients u for POPC across pure
water and across 3 mol% DMSO solution are both of order
10™* or lower, so that addition of the DMSO is seen to make
little difference to the very efficient hydration lubrication in
the case boundary layers of this liquid-phase lipid assembly.

This journal is © The Royal Society of Chemistry 2022
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Fig. 4 (a) Normal force (F,) hormalized by the radius of curvature (R ~ 1 cm) versus surface separation distance (D) between POPC-SUVs coated

curved mica surfaces (F,/R vs. D) across pure water and across 3 mol% DMSO. Hard-wall separations are shown at the inset of each figure. (b) Shear
force as a function of the normal force (F vs. F,,) between POPC-SUV coated mica surface across pure water, and 3 mol% DMSO. Red lines are con-
stant friction coefficients u = F¢/F,, enclosing the bulk of the high load data with values as in the adjacent legends. Solid and open symbols represent

first and second approaches, respectively.

This conclusion is similar to that reached in the case of the
gel-phase HSPC lipid boundary layers above. The somewhat
superior lubrication by the fluid-phase bilayers (POPC) relative
to the gel-phase vesicles (HSPC) is attributed in part to their
different structure (bilayers vs. liposomes) and in part to
their higher level of hydration, and has been considered in
detail in ref. 41.

The central new finding of the SFB surface interaction
measurements described above, therefore, is that addition of
DMSO up to 6 mol% makes little difference to the extremely
efficient lubrication by PC lipid surface layers sliding past each
other in aqueous media, whether they are in the vesicular (gel-
phase HSPC liposomes) or lamellar (liquid-phase POPC
bilayers) morphology. This is, on the face of it, a very curious,
not to say puzzling observation. This is because such friction
reduction, which has been adduced to play a central role in
biological and biomedical lubrication,''***° has been convin-
cingly attributed to the hydration lubrication mechanism at
the interface between the highly-hydrated phosphocholine
groups exposed at the outer surface of the lipid layers, while
DMSO addition to lipids has been demonstrated to disrupt
and effectively dehydrate such hydration layers."*"*>** To gain
insight into why such hydration lubrication by PC layers

This journal is © The Royal Society of Chemistry 2022

appears robust to dehydration by the DMSO, it is therefore
necessary to examine in more detail the effect of the DMSO on
the molecular structure of the lipid bilayers, and how that may
affect frictional dissipation as the layers slide past each other.
We do this using several approaches: AFM and differential
scanning calorimetry (DSC) to examine the changes in the
bilayer rigidity; SAXS and WAXS to elucidate the effect of
added DMSO on the bilayer characteristics of HSPC-SUVs and
MD simulations to examine the effect of added DMSO on
HSPC bilayer structure. We should bear in mind however that,
with the exception of AFM, these techniques probe properties
of unsupported lipid assemblies, in contrast to the mica-
attached layers in the SFB studies. We expect the trends indi-
cated for the unsupported bilayers to be valid also for the
mica-attached lipid assemblies, as supported by recent studies
on increase in lipid thickness for confinement-dehydrated sup-
ported bilayers.*?

SAXS measurements on HSPC-SUV in dispersion

These measurements provide information on the lipid bilayer
thickness and, where present, on the lamellar repeat distance
within coexisting multilamellar vesicles in the dispersion, as
well as on liposome diameters."*'****® Fig, 5a shows the

Nanoscale, 2022, 14,18241-18252 | 18245
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Fig. 5 SAXS analysis of HSPC liposomal dispersions. (a) Azimuthally-averaged, background-subtracted synchrotron SAXS measurements (symbols)

from 30 mg mL™* HSPC in aqueous solution of pure water, 3 mol% DMSO

, and 6 mol% DMSO. The scattering intensity is plotted as a function of the

magnitude of the scattering vector, g. Solid curves correspond to the best-fitted computed scattering curves of the liposomal models (egn (S2)7). (b)
The best fitted electron density profiles of the lipid bilayers along the z-axis, normal to the bilayer plane, used for computing the solid curves in (a).

The arrows indicate the bilayer head-to-head distance, Dy, between the
parameters of the liposomal models.

background-subtracted scattering data (solid symbols) from
dispersions of HSPC liposomes at different DMSO concen-
trations and the models of noninteracting liposomes that best
fit the data (solid curves; Materials and methods and ESI
section S47t). Fig. 5b shows the corresponding electron density
profiles along the radial direction (normal to the bilayer plane)
of the best-fitted models, providing the average size of the lipo-
some and the structure of its lipid bilayer (ESI section S4,
Table S27). The radius of the liposome at the middle of the
bilayer decreased slightly from 30 + 1.5 nm to 27 + 1 nm when
DMSO was added (ESI section S4, Table S21). Adding 3 mol%
of DMSO changed the electron density of the medium inside
the liposome and the bilayer structure only slightly. The head-
to-head distance, Dyy, defined from a phosphate group to a
phosphate group (the peaks of the electron density profile),
increased from 4.47 + 0.03 nm in water to 4.50 + 0.03 nm in
3 mol% DMSO. Adding 6 mol% DMSO, however, increased the
head-to-head distance significantly to 4.78 + 0.03 nm and the
electron density of the medium inside the liposome to a
density equivalent to 4.5 mol% DMSO.*”” In all cases, the
bilayers were slightly asymmetric, with a lower density at the
outer leaflet. In addition, preliminary wide-angle X-ray scatter-
ing (WAXS) measurements on the HSPC-SUV dispersions (ESI
section S4C, Fig. S371) give a clear indication that addition of
the DMSO leads to increased areal density of the lipids. This is
consistent with the expectation that, for a given volume of the
bilayer determined by a constant number of lipids, an increase
in its thickness must entail a reduction in the area per lipid
headgroup.*®

In addition, we multiplied the form-factor by two small
structure-factor correlation peaks, indicating that the dis-
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opposing lipid phosphate groups. Table S2 (in ESIt) provides the best fitted

persion also contained coexisting multilamellar vesicles. The
position of the peaks determined the lamellar repeat distance,
D, which decreased from 6.93 nm, in water and 3 mol%
DMSO, to 6.77 nm when 6 mol% DMSO was added. This result
is consistent with the higher DMSO concentration outside the
liposomes, applying osmotic stress to the bilayers.

The main finding of the X-ray scattering measurements is
that the bilayer thickness increases upon addition of DMSO,
together with increased areal density of the lipids (i.e. reduced
area/lipid), likely due to reduction of the hydration repulsion
between headgroups and consequent stretching of the fatty
acid tails due to the van der Waals attraction between them, as

seen in earlier studies.*3%*°

MD simulations of HSPC bilayers

All-atom MD simulations can provide atomic-level structural
and correlational information on the lipid bilayers.**™" MD
simulations were applied to explore the structure evolution of
the lipid bilayer immersed in DMSO solution. HSPC in the gel
phase was modeled at room temperature. Initially water and
DMSO molecules were randomly added to the two sides of the
lipid bilayer, consisting of 200 lipid molecules (100 for each
layer). The structure was then relaxed at 300 K and 1 atm. The
equilibrium structures were finally collected for further ana-
lysis (ESI section S5, Fig. S41). Fig. 6a shows a snapshot of
HSPC with 6 mol% DMSO solution. All simulations were per-
formed by LAMMPS packages > (details in Materials and
methods and in ESI section S5t). The decrease of the area per
lipid and increase of the thickness of the bilayer lipid (Dym),
plotted in Fig. 6b, indicate that DMSO is able to tighten the
packing efficiency: decrease the area per lipid headgroup and

This journal is © The Royal Society of Chemistry 2022
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Fig. 6 The simulation results. (a) Atomic models of HSPC, DMSO, and water. Snapshot of the steady-state of HSPC bilayer in a 6 mol% DMSO. The
mix of tail lengths in the HSPC was handled by directly building an HSPC lipid. (b) The area per lipid, bilayer thickness (defined by the average vertical
distance between phosphorus atoms within two lipid layers), and the number of dehydrated water molecules (defined by the decrease in the
number of water molecules within 0.5 nm from each lipid after DMSO was added) as a function of the DMSO concentration. The area per lipid
decreases by 3.5% and 4.2%, the thickness increases by 2.1% and 3.2%, and dehydrated water increases by 8.5% and 12.1%, for 3 mol% and 6 mol%
DMSO, respectively. (c) The order parameter, —Scy, of the phospholipid sn-1 acyl chains (indicated in panel a) of HSPC lipid bilayer for each methyl-

ene group (see details of the definition in ESI section S57).

increase the bilayer thickness. This is the first such simulation
of a HSPC lipid bilayer deep in its gel phase: we note especially
that the simulated thicker lipid bilayer with DMSO is fully con-
sistent with the SAXS data in Fig. 5. Notably larger concen-
trations than 6 mol%, which may generate non-monotonic
change of the area per lipid,"® were not studied because the
DMSO molecule could penetrate into the lipids.>®* The
adsorbed DMSO near the lipid head group can disrupt the
hydration network, giving rise to water depletion and
enhanced water diffusion.>® The number of dehydrated water
molecules is shown in Fig. 6b. The dehydration can be also
seen from the preferential adsorption of DMSO on the lipid
head groups (ESI section S5, Fig. S67) and the un-normalized
radial density function of water close to the P and N atoms of
the head groups (ESI section S5, Fig. S71). It is possible that
the dehydration results in reduction of the hydration repulsion
between the vesicles, partly indicated by the SFB experiments

pm
um

0.0 0.5 1.0 15 20 0.0 05 1.0

(Fig. 1). The rigidity of the lipid bilayer is characterized by the
order parameter,> —Scy, as shown in Fig. 6c. The increase of
—Scu for the methylene groups within the sn-1 chain near the
head groups at high DMSO concentration demonstrates the
closer packing of the head groups, indicative of larger rigidity.
The tightly packed head groups could decrease water hydration
by generating steric hinderance.”® The method to get —Scy,
and the —Scy of sn-2 chain are explained in the ESI (ESI
section S5, Fig. S5bt).

AFM imaging and rigidity measurements

AFM micrographs, Fig. 7 (and ESI section S6, Fig. S8%) reveal a
densely-packed array of HSPC-SUVs on the mica (cryo-SEM
images,”® show that HSPC-SUVs in fact forms a fully-close-
packed array on mica, but some vesicles are detached by the
AFM tip during scanning). Additionally, AFM may be used to
gauge the local Young’s modulus of surface-attached species,

(c)
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Fig. 7 AFM-measured Young's modulus of HSPC-SUV adsorbed on freshly cleaved mica (a) without and (b) with 6 mol% DMSO solution. (c) DSC

measurements of HSPC-SUV dispersion in pure water and in 6 mol% DMSO.
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Fig. 8 Schematic illustration of our SFB setup. The two back-silvered
mica sheets are glued on two plano-cylindrical quartz lenses and
mounted in a crossed-cylinder configuration (shown in the dashed
circle), where they may be immersed in the liquid medium. The top lens
is mounted on a piezoelectric tube and sideways motion Axg is induced
by applying voltages of opposite signs to opposing sectors of the piezo-
electric tube. D represents the separation distance between two mica
surfaces, K, and K represents the normal and shear spring constants,
respectively, and the normal F, and shear F; forces are evaluated
respectively from the bending of these two orthogonal springs. A more
detailed description of the SFB can be found in our earlier publication.®”

and this is shown in Fig. 7(a) and (b) for HSPC-SUVs adsorbed
on mica under DMSO-free water and under 6 mol% DMSO
aqueous solution respectively. This technique directly reveals a
roughly 5-fold increase in the local Youngs modulus of the
vesicles following the DMSO addition, as seen in the respective
scales on the right of each micrograph. This increase in the
vesicles’ rigidity must result from the increase in the bilayer
rigidity, and the AFM results thus corroborate through direct
measurement the indication of increased bilayer rigidity pro-
vided by the increased order parameter in the MD simulation,
and by the tighter acyl chain packing indicated by the WAXS
(ESI section S4CT).

DSC measurements

The melting temperature (Ty,) of HSPC SUVs in water and in
6 mol% DMSO were measured using a DSC (VP-DSC
Microcalorimeter), with temperature ranging between 20 and
60 °C and a heating/cooling rate of 0.5 °C min "
Measurements were performed under N, flow. The results are
shown in Fig. 7(c): the higher T,, associated with adding
6 mol% DMSO shows the greater stability of the bilayers
arising from a tighter acyl-chain packing, again consistent
with the X-ray, MD and AFM measurements.

Conclusions

The main new finding of this study is that the extremely
efficient lubrication by surface-attached PC lipid bilayers is
largely unaffected by addition of DMSO, a molecule known to
dehydrate the phosphocholine headgroups exposed by such
layers. This is on the face of it very puzzling, insofar as the
lubrication by such bilayers is due to the strong reduction in

18248 | Nanoscale, 2022, 14, 18241-18252
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frictional dissipation mediated by the hydration layers on the
exposed phosphocholine groups (hydration lubrication),*® so
that dehydration should clearly result in increased friction.
However, by studying the effect of the DMSO on the lipid
bilayers using several different techniques, ranging from small
and wide angle X-ray scattering to all-atom MD simulations, we
are able to account for this unexpected robustness. Our results
reveal that, at the same time as DMSO reduces hydration per
headgroup (as described earlier), its presence leads to higher
headgroup concentration on the bilayer surface, and moreover
renders the bilayer more rigid through stronger acyl chain
interactions. Both of these effects are expected to reduce fric-
tional dissipation. The higher lipid areal concentration on
adding DMSO offsets the effect of lower hydration level per
lipid, while the higher rigidity of the lipid layers reduces visco-
elastic frictional dissipation as the opposing layers slide past
each other, by reducing local hysteretic deformation. The per-
sistently very good lubrication by the PC lipid layers (u ~ 107°)
despite their known dehydration by the DMSO indicates that
these two effects (higher areal concentration and increased
rigidity) mostly compensate the effect on the friction of the loss
of hydration. We note that any effects of the DMSO on the
interaction between the liposomes and the adsorbing mica sub-
strate is likely to be less important, since the slip occurs
entirely at the hydrated lipid-lipid interfaces and is thus less
sensitive to details of the lipid-substrate interactions.

This robustness of the friction reduction to dehydration is
of clear relevance for biolubrication, which in turn is crucial
for the well-being of tissues such as articular cartilage and for
associated diseases such as osteoarthritis. This is because the
ubiquitous presence of osmolytes (such as urea, glycerol and
glycine betaine) in living systems may readily result in de-
hydration of lipid bilayers'”>"?® similar to that induced by
DMSO in the present study. Thus, our observation of the per-
sistence of low friction provided by lipid bilayers through the
hydration lubrication mechanism, despite such dehydration,
sheds strong light on nature’s ability to maintain efficient
hydration lubrication in living systems even in the ubiquitous
presence of lipid-dehydrating osmolytes.

Experimental and materials

Materials

Hydrogenated soy phosphatidylcholine (HSPC, 16:0-18:0) and
1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC,
16:0-18:1) lipids (purity >99.5%), were purchased from Lipoid
GmbH (Ludwigshafen, Germany). DMSO (anhydrous, purity
>99.9%) was purchased from Sigma Aldrich. The water used
throughout the experiment was highly-purified using a Thermo
Scientific Barnstead GenPure water purification system with
total organic carbon content <1 ppb and resistivity18.2 MQ.

Preparation of liposomes

The HSPC-SUVs and POPC-SUVs liposomes were prepared
using the hydration-extrusion method. The lipids powders

This journal is © The Royal Society of Chemistry 2022
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were dispersed in water with an initial concentration of
~6 mM, and then the suspension was sonicated in a water
bath sonicator for 15 min (~65 °C for HSPC and room temp-
erature for POPC) and with vortexing for 5 min, to obtain a
homogeneous dispersion of multilamellar vesicles (MLVs).
Then the MLVs were downsized to form small unilamellar vesi-
cles (SUVs) through extruding the MLV dispersion through
polycarbonate membranes with pore sizes of ~400, 100, and
50 nm for 5, 10, and 12 times, respectively, using the extruder
chamber with the temperature higher than the Ty, of each
lipid which was controlled by a water circulation bath.

Surface force balance (SFB) measurements

The SFB setup and the detailed procedures for the measure-
ments have been described previously refs; a schematic of
shown in Fig. 8.

Briefly, two cleaved molecularly-smooth mica sheets were
back-silvered and mounted in the SFB in a crossed-cylinder
orientation as indicated (Fig. 8). The closest separation
between them (D) was measured via interference fringes of
equal chromatic order (FECO) (accuracy +2-3 A), and normal
(F,) and shear (F;) forces between them measured via bending
of the respective springs K, and Kj (Fig. 8).

The liposomes-coated mica surfaces were prepared as
follows: the freshly cleaved mica facets glued on their lenses
were immersed in a 0.3 mM liposome dispersion (either
HSPC-SUV or POPC-SUV), prepared with purified conductivity
water at room temperature, for overnight incubation. After the
incubation, they were washed with pure water and then
mounted in the SFB. Diameters of the contact area depend on
compression but are typically in the range 10-30 pm as seen
from the optical fringe shape,®” and do not vary significantly
between first and subsequent approaches. Following measure-
ments across pure water, some water was replaced by concen-
trated DMSO solution to achieve the concentration of the
DMSO-water to 3 mol% and 6 mol%, respectively, and allowed
to equilibrate for between 2 h and overnight (no systematic
differences were seen for different equilibration times). Since
the typical contact areas (lateral dimensions O (10 pm) over
which forces are measured are much smaller than the area
(lateral dimensions O (mm)) of the mica, each new area of
contact between the surfaces involves essentially pristine sur-
faces and is unaffected by measurements at previous contact
points.

X-ray scattering measurements

We performed solution small-angle X-ray scattering (SAXS)
measurements on the liposome dispersions and controls at
ID02 synchrotron beamline at the ESRFE.’® The sample-to-
detector distance was 2.5 m, and the X-ray wavelength was
0.0995 nm. We manually injected 100 pL of each sample into a
2 mm thick quartz capillary flow cell. 30 frames were measured
while the sample was flowing through the capillary. The
exposure time was 50 ms per frame. As a reference, we also
measured the solvent of each sample. Scattering data were
recorded on a 2D Eiger2 4M (Dectris AG) detector, azimuthally
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averaged,” and the scattering intensity was plotted as a func-
tion of the magnitude of the scattering vector, g. The scatter-
ing curve of solvent was subtracted from the scattering curve
of the sample and analyzed using X+ program.®’

The scattering amplitude of non-interacting liposomes in
dilute solution is the Fourier transform of their electron
density contrast from the solvent. We modeled the electron
density contrast of the lipid bilayer as five spherical shells with
Gaussian electron density profiles along the radial direction.
In addition, we modeled the inner medium of the liposome as
a uniform spherical shell, with an electron density that could
differ from the solvent outside the liposomes (ESI, eqn (S1)7).
To account for the size distribution of liposomes, the radius of
the uniform sphere followed a Gaussian distribution function.
The solution scattering intensity of the noninteracting lipo-
somes, known as the form-factor, is the square of the scatter-
ing amplitude, averaged over all the orientations (ESI section
27). Further details about this model are provided in our
earlier publication and in the ESI section 2.1°" We also
included small structure factor correlation peaks with
Gaussian line shapes, corresponding to a small fraction of
coexisting liposomes with more than one bilayer. Wide angle
X-ray scattering measurements were also carried out, and are
detailed in the ESI section 2C.}

Molecular dynamic (MD) simulations

Simulation models and methods. The initial lipid bilayer
was built from 100 x 2 HSPC lipids with 100 in each leaflet. To
model its gel phase, lipids were initially titled manually to 15°
with respect to the normal direction. Such initial structure was
reported to successfully predict the gel phase of lipid
bilayers.®” Water molecules were added to the top of the lipid
surfaces from both sides. The number of water molecules was
10 000 for system without DMSO. The number of DMSO was
set according to the concentration studied in the experiments,
i.e., 300 for 3 mol% and 600 for 6 mol%. The total solvent
molecules were fixed to 10 000. All the inter- and intra-mole-
cular interactions were performed by the all-atom CHARMM36
force field.®*®** The short-range van der Waals were computed
with a cutoff distance of 1.0 nm and long-range electrostatic
interactions were calculated with the particle-particle-par-
ticle-mesh (PPPM) method.®®> Periodic boundary condition
was applied to all the three directions. The initial structure
was first minimized, and then equilibrated at temperature of
298 K and pressure of 1 atom for 2 ns at a timestep of 1 fs.
Another 2 ns equilibrium run was performed and the trajec-
tories were collected for further analysis.

The snapshots of the initial and the relaxed structure
without DMSO are shown in Fig. S3.7 For simulations with
only water and lipid bilayer, the area per lipid is calculated to
be 54.7 A%, which is a bit larger than its fluid phase,®® 49.6 A”.
The head to head distance (defined by the distance between
phosphorus atoms) in the simulations was analyzed to show
the equilibrium of the simulation systems, see Fig. S4a.}

Order parameter of the lipid bilayer. The order parameter
—Scu was calculated to analyze to orderliness of the acyl
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chains in lipids, defined as
Scu = (3 cos* 9 —1)/2

where 6 is the angle between the C-H bond vector and the
bilayer normal. It describes the orientation of the C-H bond
vector within the methylene groups and the normal direction
of the lipid bilayer, which is set to be the vertical direction in
the simulation model. The angular brackets stand for the
molecular and ensemble average. The profile of the sn-2 acyl
chain is plotted in Fig. S4b.}
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