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Abstract

Measurements of normal and shear (frictional) forces between mica surfaces across small
unilamellar vesicle (SUV) dispersions of the phosphatidylcholine (PC) lipids DMPC (14:0),
DPPC (16:0) and DSPC (18:0) and POPC (16:0, 18:1), at physiologically high pressures, are
reported. We have previously studied the normal and shear forces between two opposing
surfaces bearing PC vesicles across pure water and showed that liposome lubrication ability
improved with increasing acyl chain length, and correlated strongly with the SUV structural
integrity on the substrate surface (DSPC>DPPC>DMPC). In the current study, surprisingly, we
discovered that this trend is reversed when the measurements are conducted in SUV
dispersions, instead of pure water. In their corresponding SUV dispersion, DMPC SUVs
ruptured and formed bilayers, which were able to provide reversible and reproducible
lubrication with extremely low friction (u<10™) up to pressures of 70-90 atm. Similarly, POPC
SUVs also formed bilayers which exhibited low friction (u<10") up to pressures as high as 160
atm. DPPC and DSPC SUVs also provided good lubrication, but with slightly higher friction
coefficients (u=107-10""). We believe these differences originate from fast self-healing of the
softer surface layers (which are in their liquid disordered phase, POPC, or close to it, DMPC),
which renders the robustness of the DPPC or DSPC (both in their solid ordered phase) less
important at these conditions. Under these circumstances, the enhanced hydration of the less
densely packed POPC and DMPC surface layers is now believed to play an important role, and
allows enhanced lubrication via the hydration lubrication mechanism. Our findings may have
implications for the understanding of complex biological systems such us biolubrication of

synovial joints.
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Introduction

Lipids have myriad physiological roles [1], including contributing to the remarkable lubrication
capabilities of synovial joints [2-13]. Several mechanisms have been proposed in order to
explain the very efficient physiological lubrication, characterized by friction coefficients p in
the range 0.001-0.01 [14, 15]. Under conditions of low velocities and high contact pressures,
(local pressures in synovial joints can reach 180 atm [16, 17] ) the prevailing lubrication
mechanism is believed to be that of boundary lubrication [3, 18-29]. In this mechanism,
surface-attached molecules (rather than trapped fluid, as in e.g hydrodynamic lubrication
mechanism) provide lubrication as the sliding surfaces come into contact at their asperities.
Different macromolecules, including lipids, have been proposed to function as boundary
lubricants at the cartilage surface [14, 19, 20, 24, 25, 27, 30-34]. Phospholipids PLs were
originally conjectured to provide lubrication by sliding between the exposed alkyl chains at the
surfaces [3], as in the classical boundary lubrication mode of machine tribology [35, 36].
However, more recent work demonstrated that such systems provide lubrication via the
hydration lubrication mechanism, enabled by the hydration layers of the phosphocholine head
groups of the lipids [13, 32, 37-41].

While lipids are clearly present on the cartilage surface [19, 42] and in the synovial fluid [3, 21,
43] and they are capable of providing highly efficient lubrication at physiologically high
pressures [32, 37, 38, 40, 44], the exact configuration of lipid species on the cartilage surface
and its possible dynamical remodeling remains unclear. Lipids were reported in vivo on the
cartilage surface possibly as multilayers [2] and as vesicles [45]. The difficulty to analyze the
cartilage surface results from the changes it undergoes once extracted from the physiological
environment [9]. Both its chemical composition and morphology may change upon removal
[46], most likely due to the enzymatic degradation of macromolecules following the trauma
suffered by the tissue [47, 48]. Nonetheless, nanotribology of molecular components of
synovial joints has led to advances in our understanding [29]. A recent proposal [13], relevant
to the present study, holds that there is a synergistic effect between various molecules present
on the cartilage surface, including in particular lipids, and that macromolecular species present
in the superficial zone of the cartilage are forming complexes with lipids, or otherwise
contributing to their stability (e.g. refs. [13, 32, 49, 50] and references therein). This study [13],
where friction between mica surfaces bearing boundary layers consisting of a complex of
hyaluronan and PC lipids was measured in a Surface Force Balance (SFB), showed that such
layers could provide physiologically low values of the friction (u = 107°) at physiologically-

high contact pressures ( of order 100 atm).
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While the surface of mica is very different from that of cartilage, boundary friction measured in
the SFB arises from dissipation at the slip plane between the boundary layers which come into
direct contact. It is thus characteristic of the boundary layers themselves rather than of the
underlying mica substrates [14, 29]. Soft surfaces, such as cartilage, deform at the
physiological pressures in joints, flattening their asperities, to contact each other intimately
over their compressed area. In this case also the surface-attached molecules forming the
boundary layers, rather than the underlying cartilage surfaces, are at the interface where
frictional energy is dissipated; thus the model system of mica-supported surface layers in the

SFB is believed to be relevant also for physiological systems.

We have previously studied in detail [41] the normal and shear forces between two mica
surfaces bearing adsorbed lipids or layers of small unilamellar vesicles (SUVs) across pure
water. We examined SUVs composed of phosphatidylcholine lipids (PCs), with different di-
acyl chain lengths: 14:0 (DMPC), 16:0 (DPPC) and 18:0 (DSPC), revealing substantial
differences in their lubrication capabilities. (X:Y notation indicates the number of carbons in
the fatty acid chains and the degree of unsaturation, respectively.) When the PC-SUVs were
adsorbed to mica surfaces, which were then rinsed and studied across lipid-free water in the
SFB, the lubrication performance improved with the increase in the acyl chain length. We
found correlation between the lubrication efficiency and the structure of the lipids on the mica
surface, as DSPC liposomes were more robust and able to maintain their vesicular structure,
while DPPC were marginally stable, and DMPC liposomes ruptured spontaneously upon
adsorption to the mica surface and formed continuous bilayers. The main Solid-Ordered to
Liquid-Disordered (SO-to-LD) transition temperatures of unsupported bilayers of these PCs are
24°C, 41°C and 54°C respectively [51]. We observed that as the lipids move deeper into the SO
phase, corresponding to longer acyl tails - and thus stronger hydrophobic interactions between
them — the SUVs robustness on the mica surface is increased [41]. At the same time, an early
study of a rinsed POPC liposome layer (in pure water) showed poor lubrication ability which
was also attributed to reduced mechanical stability of the LD-phase vesicles [38]. It appears,
therefore, that under these conditions where SUVs were interacting across a liposome-free
aqueous medium, the mechanical stability to compression and shear of the surface-attached,
close-packed liposomes was an important factor in their lubrication ability (together with their

closed vesicular and correspondingly more defect-free nature [40, 41].
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In the current study, we extend our previous work carried out in lipid-free water [41] to
examine the lubrication performance of the same series of PC-SUVs (14:0, 16:0, 18:0), and in
addition the (16:0, 18:1) POPC-SUV, across the respective SUV dispersions - in other words,
under conditions where there is a lipid/liposome reservoir in contact with the surfaces. POPC is
added as an extreme case, as the transition temperature for this lipid is -2°C due to a kink in the
unsaturated oleoyl chain which hinders chain packing. We measure the normal and shear forces
for these systems using the SFB, and also examine the effect of rubbing DMPC bilayers with
an AFM tip on the surface morphology. In these conditions, the lipids in solution are at their
saturated concentration, pinned at the respective c.m.c’s, henceforth designated ‘saturated
solutions’. One motivation for the study of lubrication across liposome dispersions is that such
dispersions provide a reservoir of lipids, conditions which may better resemble physiological
conditions, as there is now evidence that different physiological fluids [52-54], including the
synovial fluid [55], contain lipids or lipid vesicles. Moreover, many cell types secrete
extracellular vesicles (EVs), exosomes and microvesicles, which play significant physiological
roles [52-54]. As lipids are present both in the synovial fluid as well as on the cartilage surface
[19, 43], it is possible that a lipid reservoir may contribute to the stability of surface attached

lipid layers, and thus may play a role in their function as boundary lubricants.

Materials and Methods

Materials

The lipids, 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC, 16:0-18:1) 1,2-
dimyristoyl-sn-glycero-3-phosphatidylcholine (DMPC,14:0), 1,2-dipalmitoyl-sn-glycero-3
phosphatidylcholine (DPPC 16:0) and 1,2-distearoyl-sn-glycero-3- phosphatidylcholine
(DSPC, 18:0), were purchased from Lipoid (Ludwigshafen, Germany). The main SO-to-LD
transition temperatures of unsupported bilayers of these PCs are -2°C, 24°C, 41°C and 54°C
respectively [51]. Ultrapure (conductivity) water was obtained by treating tap water with an
activated charcoal filter followed by a Barnstead NanoPure system. The water specific
resistivity was 18.2 MQ and the concentration of total organic compounds (TOC) was below
Ippb. The mica was ruby muscovite, grade 1, supplied by S&J Trading Inc., NY. Shell

“EPON 1004” resin was used to glue the mica sheets to the quartz lenses.

Liposome preparation
Single unilamellar vesicles (SUVs) were prepared using standard approaches [38, 56]. Briefly,
lipids were dispersed in water, ultra-sonicated for 5 min and homogenized for 5 min at the

appropriate temperature above the main phase transition of each lipid in order to obtain
4
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dispersed multilamellar vesicles (MLV). Next, the MLVs were progressively downsized using
an extruder (Northern lipid Inc, Burnaby, BC, Canada) through polycarbonate filters having
defined pore sizes starting with 400nm (3 cycles), 100nm (4 cycles) and ending with 50nm (10
cycles). Liposomal size distribution (by volume) was determined in pure water using a
Viscotek 802 DLS. The average diameter for all liposome preparations used was 60 =15 nm.
Subsequent to their adsorption on the surface, samples were also characterized by AFM. For
both AFM scans and SFB measurements, freshly cleaved mica (mounted on cylindrical lenses
for use in the SFB, see below) was placed in a 0.3 mM SUV dispersion prepared with
Barnstead NanoPure purified conductivity water. Measurements were conducted starting from
30min following addition of the liposome dispersion. The mica surfaces in each case were
immersed in the SUV dispersion added to the SFB bath, in which measurements were carried

out. The bath volume was 12ml.

Atomic force microscopy (AFM)

Imaging of surfaces and nanomechanical measurements were carried out with an MFP-3D SA
(AFM) instrument (Asylum Research, Santa Barbara, CA). Scanning in tapping mode in
conductivity water was conducted using a silicon nitride V-shaped 115um long cantilever
having a nominal spring constant of 0.35 N/m with a pyramidal silicon tip with a nominal

radius of 2nm (SNL, Bruker).

Surface Force Balance (SFB)

The procedures of the mica- SFB technique has been described in detail previously [57].
Briefly, the measurement of normal (F,) and shear (Fs) forces was conducted between two
curved, back-silvered, atomically-smooth mica surfaces, in a crossed-cylinder configuration
(mean radius of curvature, R), by monitoring the bending of two orthogonal leaf springs, a
vertical spring and a horizontal spring (a schematic is shown in the inset to figure 1). The
bending of the horizontal spring is determined using multiple beam interferometry; the
separation of closest approach, D, is optimally measured to +2-3A by monitoring the
wavelength of optical interference fringes of equal chromatic order (FECO). The bending of
the vertical springs which provides a direct measure of the shear forces is monitored by an air-

gap capacitor.

Normal force profiles F,(D)/R and shear traces F(t) were recorded in the same approach and

separation cycles, as the surfaces were progressively compressed (Fy(D)/R is, in the Derjaguin
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approximation, proportional to the interaction energy per unit area between two flat parallel
surfaces obeying the same force law, and is a means of normalizing results obtained using
different curvature surfaces [58]). At each surface separation, both during compression and
upon separation of the surfaces, shear motion was applied for one minute (and sometimes for
one hour to examine the effect of prolonged shear). Shear profiles were taken by directly
measuring the response of the lower surface to lateral motion applied to the upper surface.
Lateral amplitudes (applied by the PZT actuator), Ax, in the range of 200-1200 nm and shear
velocities vy in the range 10-600 nm/sec were applied. Shear force traces were measured
simultaneously with normal force profiles by applying lateral motion at several separations at
progressively increasing (or decreasing) the normal loads. Shear forces Fy are measured from
the plateau regime of the friction-force vs. time traces (shown later), where F; is independent of
the shear amplitude. The magnitude of the weakest shear forces is determined either by
filtering the signal about the drive frequency, or by fast Fourier transform of the data to yield Fj
at the drive frequency, see e.g. refs. [59, 60]; the two approaches yield similar values of Fs. The
results presented here are based on 6 independent experiments, each with at least three different
contact points between the interacting surfaces, with several approach and retraction profiles at

each contact point, carried out in temperature-stabilized rooms of 25+0.2°C.

The normal compressive loads applied during the experiments cause an elastic flattening of the
curved surfaces, of area A, due mostly to compression of the glue supporting the mica sheet.
This is clearly observed as flattening of radius « (e.g in the inset to figure 2, showing flattening
of a = 60um) at the tips of the interference fringes. The mean pressure, P, between the
compressed surfaces can be directly evaluated from the dimensions of this flattened area as
P=F,/A= Fy/na’. The flattening of contacting, non-adhering surfaces can be also evaluated from
Hertzian contact mechanics [61], and can then be used for pressure evaluation. This method is
preferred for cases of small flattening (small @). Detailed explanations of the mean pressure

evaluation for similar SFB measurements are given elsewhere [41].

Results and discussion

From our previous studies in a lipid-free aqueous environment [40, 41], we know that DMPC
SUVs fuse and form continuous bilayers upon their encounter with mica, whereas DPPC SUV's
are marginally stable, and DSPC SUVs are stable and robust on the mica surface [41]. POPC-
SUVs immersed in lipid-free water were found to collapse under pressure when adsorbed on

mica [38] (and thus formed poor boundary lubricating layers). We now extend these studies of
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the different lipids (POPC, DMPC, DPPC and DSPC) in pure (lipid-free) water to the case

where the surface-immersion medium consists of the corresponding SUV dispersions.

Normal surface forces

In figure 1, normal force profiles F,(D)/R between mica surfaces across a POPC-SUV
dispersion (0.3mM) are shown. No substantial long range forces are observed, (consistent with
electrostatic double layer interactions in the salt-free medium [62]) while the final high-
compression separation D = 9 = 1 nm corresponds to the thickness of two bilayers [63],
suggesting that bilayer covered surfaces are formed at these conditions. There little difference
between first and subsequent approaches. In several cases (inset to figure 1) a final separation
of 51 nm was recorded, most likely due to hemifusion, as observed previously for other

bilayer systems [64].
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Figure 1: Force F,(D) versus distance D profiles between mica surfaces across POPC SUV
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dispersion normalized as F,(D)/R. D = 0 separation is defined with respect to mica-mica
contact in pure water. Filled symbols are first approaches, empty symbols are second
approaches and crossed symbols correspond to force profiles taken on separation of the

surfaces. Inset: shows the profiles on a magnified linear-linear scale. The final separation is
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9+1 nm or 51 nm (see text). Also shown is a schematic representation of the SFB

configuration.

In figure 2, normal force profiles between mica surfaces across a DMPC-SUV dispersion
(0.3mM) are shown. For comparison, force profiles for the corresponding measurements
between adsorbed and rinsed DMPC-SUVs across pure water, taken from ref [41], are shown
in the shaded area. The force plots are within a comparable range; however, there is less scatter
in the data across the DMPC dispersion. In this case, the strong repulsion commenced at D =
14 nm, to a final (high compression) separation D= 8.5+1nm, corresponding to the thickness of
two bilayers. The optical fringes at contact between the surfaces for this system are also shown
in the inset to figure 2. Their smoothness is an indication to the uniformity and smoothness of
the compressed DMPC bilayers (we note that for the POPC system too, similarly flat and
uniform fringes (not shown) were observed). It is likely that DMPC liposomes from the
dispersion adhere to the mica surfaces, and within a short time (as previously discussed [41] )
fuse and form a continuous bilayer. First and second approaches to contact are reproducible
(shear measurements are performed simultaneously with the normal forces) with no indications

of either squeeze out or damage of the bilayer following first approach to contact.
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Figure 2: Force F,(D) versus distance D profiles between mica surfaces across DMPC SUV
dispersion normalized as F,(D)/R. D = 0 separation is defined with respect to mica-mica
contact in air. Filled symbols are first approaches, empty symbols are second approaches and
crossed symbols correspond to force profiles taken on separation of the surfaces. Inset: shows
the profiles on a magnified linear-linear scale, and the image of optical fringes at contact, at a
pressure of 80atm. Shaded area indicates the range of force profiles for DMPC bilayers in pure

water, as described in [41]

A very different behavior was observed for the DPPC SUVs system, as shown in figure 3. For
this system, significant repulsion forces (>1 mN/m) commence already at ca. 100nm (unlike
POPC and DMPC where such forces are observed only below ca. 40nm, figures 1, 2). From the
DLS measurements, the DPPC liposome diameter is 50+10nm. Thus, adsorption of a single
layer of unperturbed liposomes to each surface would result in a separation at onset of steric
repulsion at D = 100nm. As it is known that liposomes flatten upon adsorption [38, 65-67], the
onset of repulsion forces at D = 100nm in fact most likely corresponds to a flattened SUV layer
with an overlayer of loosely attached SUVs, as previously observed [38, 41]. Then, upon
further compression, the repulsion increases as the excess SUV layers are squeezed out and the

SUVs in contact with the mica surfaces are further flattened, losing their water content. A
9
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“hard wall” is reached at D = 1841 nm, roughly corresponding to 2 bilayers on each surface;
however, upon further compression the surfaces abruptly jump to D = 8.5+1.5 nm. This jump
can be readily seen in the inset of figure 3. In some profiles, even at such pressure this inward
jump did not occur, and the final separation of 17+1 was measured. The change in the
separation from D 18+1 nm to D = 8.5 nm suggests that each flattened SUV layer (two
bilayers) ruptures to form a single continuous bilayer, while the excess material (one bilayer
from each surface) is squeezed out. It should be noted that subsequent approaches to contact
come directly to a final separation D = 8.5+1.5 nm (with no jump-in, as on first approach, from
D = 18 nm), which indicates stable attachment of the bilayers to the mica surface, and no

detachment or further adsorption of additional lipids or liposomes from the dispersion.
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Figure 3: Force F,(D) versus distance D profiles between mica surfaces across DPPC SUV
dispersion normalized as F,(D)/R. D = 0 separation is defined with respect to air calibration.
Filled symbols are first approaches, empty symbols are second approaches and crossed
symbols correspond to force profiles taken on separation of the surfaces. Inset: shows the
profiles on a magnified linear-linear scale, final separation 10+1 nm, and the image of optical
fringes taken at pressures of 130 atm (top) and 147 atm (bottom). White vertical lines are a
guide to the eye to follow change in fringe position. Red and blue shaded areas indicate,
respectively, the range of first and second force profiles for the rinsed DPPC system across

pure (liposome-free) water, taken from [41].
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This scenario of liposome adsorption and subsequent rupture and bilayer formation at high
pressures is further strengthened by the appearance of the optical fringes at contact, as shown in
the inset of figure 3, and reproduced in figure 4 which shows a schematic of what may be
happening. Initially, at separations D = 18 nm, the shape of the fringes indicates regions of
different thickness within the contact zone (figure 4, left). This is an indication that the
confined layers are not uniform, rather the surface is partially covered by liposomes and
partially by bilayers (figure 4, left bottom). By following with time the shape change of the
fringes, as they are further compressed, the process of transformation from liposomes to
bilayers is revealed, as the fringes progressively become smooth and flat (figure 4, right).
Excess material is squeezed out and the entire contact area ‘thins’ to D = 8.5 nm, indicating

that liposomes fused to form a continuous stable bilayer on each surface.
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Figure 4: Schematic illustration (not to scale) of the surface layers corresponding to the
different FECO fringe patterns. In (A), thickness variations are observed across the contact
zone in the FECO fringe pattern, corresponding to both bilayer patches and liposomes on the
surface. (B) Upon further application of pressure, an increase from 130 to 147 atm, the fringes
flatten and the distance between the surfaces at this pressure, as measured from the FECO
fringes, is 10£1lnm. The layer thickness and the smoothness of the fringe indicates that a
smooth bilayer is attached to each mica surface. This probably results from opening up of the
liposomes at this higher pressure to result in a continuous bilayer, while excess material leaves

the surface as previously described in [68].
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Force profiles of adsorbed DPPC-SUVs measured across (liposome-free) water from a
previous study [41] are overlaid in Figure 3 for comparison. In the previous study, second or
subsequent approaches to contact (upper shaded band) were characterized by higher steric
repulsion compared to first approaches, as a result of damage to the surface layers during shear.
In the current study, (performed in liposome dispersion), however, there is no difference in the
normal force profiles between the various contact positions or between first and subsequent
approaches: the DPPC surface layers are robust and there is no indication of damage to the

layers after the first run of approach and shear.

We next examined the normal force profiles between two mica surfaces across DSPC-SUV
dispersion (figure 5). There is little scatter of the profiles, as well as no significant difference
between first and subsequent approaches, up to high pressures (P = 180 atm). The shape of the
optical fringes at the highest pressure applied (180 atm), indicates coexistence of two different
separations across the compressed contact area: one of 12+1, and the other of 21+3nm, as
shown in the inset to figure 5. This might indicate partial rupture of the liposome layer at the
contact position, as previously discussed and illustrated in figure 4. The range of the force
profiles for the adsorbed DSPC SUVs in a pure (liposome free) water system is shown in the
shaded band. It can be seen that the force profiles taken across the bulk liposome dispersion has
shifted about 20nm inward compared with the liposomes free system. A possible explanation of
this reduced range of steric repulsion is that in the liposome-free aqueous environment the
adsorbed layers are less well-able to ‘anneal’, while the presence of liposomes in the
surrounding dispersion facilitates such annealing, thereby forming a more uniform layer (in

some analogy to annealing of adsorbed polymer layers in a polymer solution [69] ).

12
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Figure 5: Typical force F,(D) versus distance D profiles between mica surfaces across a DSPC
SUV dispersion, normalized as F,,(D)/R. D = 0 separation is defined with respect to mica-mica
contact in air. Filled symbols indicate first approach to contact and empty symbols are the
corresponding second approach. Shaded area shows the range of force profiles for the DSPC
SUV system in pure water, reported in [41] Insets show an extended scale at close separations,
final distance 21+3 nm for first approach to contact and 12+1nm for a corresponding second
approach to contact, and the image of optical fringes at contact, as well as a sketch of the fringe
shape. As in figure 4, the fringe shape indicates different layer thickness across the contact

zone, attributed to the surface being covered by both bilayers and liposomes.

Friction forces

Typical traces of applies lateral motion, Ax(t), (top zig-zag trace) vs. lateral shear forces, Fy(t),
(lower traces) between the SUV-coated mica surfaces across the different SUV-dispersions are
shown in figure 6. Very low friction forces, close to the noise level, are recorded for POPC at
all applied pressures, figure 6(A). It can be seen that in the DMPC case, figure 6(B), there is an
abrupt change from a very low friction force at p=76 atm (within the scatter of the data) to very
high friction, arising from a small change in the applied pressure (at p=80 atm). This high
friction is manifested as rigid coupling of the surfaces as the top one is moved laterally,

meaning that the surfaces move in tandem and do not slide. “Rigid coupling” is an indication

13
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that the maximal applied shear force between the surfaces, KsAXomax, Wwas lower than the static
friction force, F, and so could not induce sliding of the upper surface past the lower one. In the
DPPC case, figure 6(C), however, as well as the DSPC case, figure 6(D), there is a gradual
increase in the friction force with the increase in the applied pressure, and sliding occurs up to

the highest pressures applied (>150atm).

The lubrication behavior of the POPC-SUV and DMPC-SUV systems is very different from
that of the DPPC-SUV and DSPC-SUV ones. It can be seen that at almost all loads in the
applied range, the friction force values are very low, and indeed not far above the detection
limit OF; of our system (6Fs = 1uN). When the pressure exceeds P = 90 atm (80 atm in figure
6(B)), the friction force abruptly increases and “rigid coupling” of the surfaces is observed for
DMPC, but not for POPC.

14
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Figure 6: Typical shear traces for (A) POPC SUVs (B) DMPC SUVs (C) DPPC SUVs and (D) DSPC

SUVs, each one in the corresponding SUV dispersion at 3 mM concentrations.

Similarly to our previous work (ref. [41]), in the experiments presented in this work we have
examined the lubrication properties of the PC-SUV-coated surfaces at longer sliding times. As
each shear profile, as shown for example in Figure 6, usually takes less than 30 seconds,
prolonged shear was applied for up to one hour during several profiles, with each of the
different lipid systems. It was discovered that the frictional forces either remain very low, or

decrease slightly as a result of prolonged shear under pressure for all types of lipids.
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Supplementary figure S1 depicts shear traces demonstrating significant reduction in the friction
force following prolonged friction of 40min for the DPPC system. Similar reduction of the

friction force as a result of prolonged shear was previously observed (ref. [41]).

Figure 7 summarizes the friction force versus normal load behavior for the four different
systems. The detailed plots are shown in figure 7(A), where representative data sets are shown
for each system. As the data for the DPPC and DSPC systems is somewhat scattered, it is
shown, for clarity, as shaded bands in figure 7(B). The borders of the shaded bands are defined
by linear fitting to the highest and lowest data sets of each system. For the DPPC system, there
is an initial sharp increase in the friction force that is followed by further increment in the
friction force and a reduction in the friction coefficient (u= friction force/ normal load); on
initial rise in Fs, p=1.5+1x10~ and at higher normal loads there is a significant, one order of
magnitude reduction in the friction coefficient to 1.6x10™*-3.2x10 (these are the slopes of the
limiting borders of the shaded band for the DPPC system). The transition does not correlate to
a specific change in the spacing between the surfaces or a change in the appearance of the
fringes, though it most likely results from a change to a more favorable organization of the
surface layers on progressive sliding that is responsible for a reduction in the frictional energy
dissipation. The same behavior is observed for the DSPC system, where initially p~107, while
at higher loads p decreases to 2.4x10™*-3.8x10™. For both the DPPC and the DSPC cases, the
initial rise in friction as the surface approach — low load region — is likely due to the presence
of excess liposomes between the surfaces, arising from their presence in the surrounding
dispersion, which disappears at higher loads and shear as this excess is squeezed away. In our
previous study performed in pure water [41] there was large variation between different contact
positions for the DPPC system, where only 20% of the contact points measured exhibited
efficient lubrication, and on first approach only, which was attributed to the marginal stability
of DPPC surface layers at these conditions [41]. In the current study, in strong contrast, there is
no significant difference in the friction forces measured at different contact positions or
between first and subsequent approaches for the DPPC system. For a clearer comparison with
our earlier study where no lipid reservoir was present (in the form of SUV dispersions) we now
in fig 7B indicate frictional behavior for DMPC, DPPC and DSPC from our previous study,
showing that while p for DPPC, DSPC remains roughly similar in the presense of the
dispersions, the DMPC lubrication is far more superior in the present study where self healing

is possible.
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Figure 7: Summary of the friction force vs. normal load for POPC, DMPC, DPPC, and DSPC
SUVs measured in the corresponding SUV dispersion at 3 mM concentration. In (A) the actual
representative experimental data is shown. For clarity not all data points of all measurements

are shown. Some characteristic values p at the highest contact pressures P are given for 4 of the
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DPPC, DSPC runs, as shown. In (B) the borders of the shaded bands are defined by linear
fitting to the most extreme data sets of DPPC and DSPC systems as shown in (A). For both
POPC and DMPC the friction force remains extremely low throughout the experiment, p<10.
Also indicated as white broken lines are the means of the extreme values of p measured for
DPPC and DSPC in ref. [41]. Likewise, the band around Fn~107 pN indicates the behavior of
DMPC from ref. [41], where the friction diverged due to damage at higher loads. Filled
symbols indicate first approach to contact and empty symbols are the corresponding second
approach. The arrow pointing upward corresponds to the maximum load at which the surfaces
jumped into adhesive contact, at which point the friction increased abruptly and the applied

force was no longer sufficient to overcome the static friction at our experimental conditions.

As can be clearly seen in figure 7, bilayers of POPC and DMPC provide better lubrication - at least
up to pressures of ca. 100 atm - compared with surfaces coated by DSPC and DPPC SUVs
(|,t<10'4 ). This is unexpected in the light of our previous results on lubrication by PC liposomes of
varying acyl chain length measured in pure water [41] where the lubrication efficiency at high
pressures improved with increasing chain length. This was attributed to the increased
robustness of the vesicular structure. When dispersed liposomes are present as in the current
study, however, the situation is different. In order to better understand the origin of this
difference, we examined the effect of pressure and shear on the morphology of DMPC bilayers

immersed in DMPC SUV dispersion. This was done using an AFM tip as below.

Figure 8(A) is a tapping mode AFM scan of a freshly cleaved mica surface, immediately
following immersion into DMPC-SUV dispersion, revealing a bilayer surface with some holes.
In order to examine the effect of pressure and shear on this bilayer, we carried out the
following: 1. Initial scan in tapping mode of a 3x3 um area (figure 8(A)). 2. A subsequent scan
in contact mode of a 1x1 um area in the middle of the previously scanned, 3x3 um, area (as
marked by a red square in figure 8(A)). This scan is at a load of 50nN, in order to “rub” the
surface and examine the effect of the rubbing on the surface morphology. 3. Another 3x3 pum
area scan in tapping mode to examine the surface morphology following “rubbing” (figure
8(B)). In this post “rubbing” scan, a smooth, hole free 1x1um area was surprisingly observed
in the middle of the bilayer (figure 1(B)) (We note this square is no longer precisely positioned
in the middle due to thermal drift in the instrument). It seems, therefore, that in the presence of
DMPC-SUVs in the surrounding medium, the normal and shear forces applied, while scanning
in contact mode, lead to healing of the layers and filling in of the previously observed holes in

1(A). In contrast, if following adsorption of the DMPC-SUV the sample is rinsed and scanned
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in tapping mode (figure 8 (C)), then scanned in contact mode with 50nN force over a square
where holes are present (white square in fig. 8(C)), and subsequently scanning in tapping mode
(figure 8 (D)), little change in the surface morphology is revealed, unlike the previous example
in 8(A) and 8(B). So, clearly, the presence of SUVs in the dispersion enables the healing of the
layers when they are rubbed by the AFM tip, presumably by providing a reservoir of lipids
available to fill in the holes as the layer is perturbed. As the tip perturbs the layer, it enables
rapid access of DMPC lipids from the bulk reservoir (at the c.m.c.) to fill in the holes in the
bilayer.

pm

pm

0.0 0.5 10 15 2.0 2.5 3.0 0.0 05 1.0 15 2.0 25 3.0
pm pm

Figure 8:

AFM images of mica under 0.3mM DMPC liposome dispersion. (A) Scan in AC (tapping)
mode in dispersion showing some holes as well as white blobs of excess material. (B) Scan in
AC mode in dispersion, after scanning at contact mode at 50nN load was performed at the area
marked in a red box in (A). A flattened hole-free square is clearly observed. (C) The same
sample as in (A) and (B), after rinsing with 300ml of water, scanned in pure water. (D) The
same sample after scanning in contact mode at 50nN over the area marked by a box in (C).

Roughly the same area is scanned in (D), the displacement resulting from lateral surface drift.
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It is seen that the holes that appear in C are not removed by the contact mode scan. Identical

element are marked (by ellipses) in both images for alignment.

When a patchy DSPC bilayer surface is formed and similarly rubbed in the presence of DSPC
liposomes, the contact mode rubbing does not result in a smooth bilayer (as for DMPC), even
upon continuous scanning for one hour. This difference between DMPC and DSPC self
healing is likely due to the timescales involved. The timescale for DMPC SUVs adsorption and
rupture on a mica or silica surface is on the order of minutes at most[41, 70] , while DSPC
SUVs should take ~3000 times longer to rupture [41], as seen in the following rough estimate
of the relative stabilities of the SUVs. For each two additional -CH- group on a PC tail there is
an additional interaction energy de = okgT say, required to disrupt the liposome. This arises
from hydrophobic interactions, modulated by some difference in hydration energies of the
neighboring hydrated phosphocholine headgroups (since the longer tailed bilayers will have a
higher areal density of headgroups [71]. Thus one requires roughly AE = 40¢ = 4akgT
additional energy to disrupt the DSPC-SUVs relative to the DMPC-SUVs bilayers. The
magnitude of d¢ for the disruption process is not precisely known, but may be estimated from
the properties of the liposomes, in particular data on the relative critical micelle concentrations
of liposomes with different acyl chain lengths, which would suggest o = 2 [41, 72] Thus AE =
8kgT. If we assume a simple Eyring transition-state model [73] to describe the rupture process,
with mean time Trpure(PC) for rupture of an SUV bilayer, then we might expect Trpure(DSPC)
= Trpure(DMPC) X € ABT (3x103 )Truprure(DMPC). We also note that the bending energy of
DSPC is higher than that of DMPC [1, 74], therefore DMPC liposomes should more easily
deform and accommodate the structures of the layer defects. While these estimates are for
rupture of SUVs rather than for healing, we would, by analogy, expect dynamic processes in

general to be much faster for the shorter (DMPC) or less ordered (POPC) acyl-chain lipids.

We may, therefore, attribute the differences between POPC or DMPC vs DPPC or DSPC to the
difference in their surface morphology; the POPC and DMPC liposomes rupture and fuse on
adsorption on the mica surface to form a continuous lamellar phase (figure 8). The DPPC
SUVs are initially in a vesicular shape, and may rupture under load during the SFB experiment.
The DSPC SUVs remain as vesicles under load as well, at least partially, as we learn from the
morphology of the fringes (see inset to figure 5). The optical fringes indicate coexistence of
regions of different thickness, corresponding to both bilayers (ca. 10nm, i.e. a Snm bilayer on
each surface) and liposomes (ca. 20nm, a flattened liposome consisting of two bilayers on each

surface) within the contact zone. Upon compression and shear of the surfaces, the more
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uniform and smooth surface of continuous bilayers exhibits reduced friction compared with the
liposome covered surface. The vesicle covered surface is more heterogeneous, hence there is a
larger scatter in the friction coefficients for the DPPC and DSPC systems. An analogous effect
of different surface layer morphology on lubrication performance was observed with
surfactants, where smooth bilayers lubricated better then cylindrical aggregates [75]. This was
attributed to additional dissipation that may result due to viscoelastic effects as the rodlike

surface micellar structures are forced past each other [75].

In addition to the difference in morphology between POPC or DMPC vs DPPC or DSPC SUVs,
there is also advantage to the POPC and DMPC due to their more rapid healing. The short
timescales for healing of POPC and DMPC bilayers enable maintaining of smooth, continuous
bilayers. POPC and DMPC can rapidly recover between the compression and shear cycles,
enabling reproducible and low friction for subsequent approaches to contact. This is consistent
with higher lateral diffusion coefficients, at room temperature, of mica-supported DMPC
bilayers compared with DPPC bilayers [76]. This idea is also further supported by a
comparative AFM study of DLPC (12:0) and DSPC bilayers in water, which demonstrated that
the liquid-disordered (LD) phase DLPC (12:0) can very quickly (up to minutes) recover after
indentation with an AFM tip, unlike DSPC [77]. So overall, the softer and more mobile lipids,
POPC and DMPC, result in a rapidly self-healing surface layer on the mica surface, which
provides a uniform and smooth interface. We note however that the presence of
liposomes/lipids in the surrounding medium also improves the nature of the DPPC layers,

which had only marginal lubrication efficiency in pure water [41]

In summary, for the lipid systems considered, there is interplay of different factors affecting the
boundary lubrication: robustness of the boundary layer, its uniformity and smoothness, its
ability to heal, and the hydration level of the exposed phosphocholine groups. When
considering the series of lipids DMPC, DPPC, DSPC, as the length of the acyl chain is
increased, the layers are more robust and stable on the surface. This is because each additional
—CH2- group in the acyl tails is associated with an additional binding energy (to neighboring
tails) of a little under kBT [78]. This is also discussed more quantitatively in ref. [41] where the
stability to rupture of DMPC-SUVs is compared to that of DSPC-SUVs. On the other hand, as
the chains are more densely packed, the headgroup area decreases [71, 79], resulting in more
headgroups/unit area. This nonetheless leads to impaired hydration lubrication, which we
attribute as follows: The more compact configuration of phosphocholine headgroups in the case

of the more densely-packed lipids (longer acyl chains) is likely to be associated with a
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significantly reduced level of hydration per headgroup, which more than counters the effect of
larger headgroup areal density. Thus the number of hydration water molecules per unit area is
reduced, leading to a lower overall efficiency of the hydration lubrication. For the liquid phase
POPC lipids, the head-group area is also larger than in the more ordered gel phase, likely
enabling enhanced hydration lubrication due to the larger hydration shell [63]. In the absence
of a lipid reservoir, the surface layer robustness is essential for enabling efficient lubrication, as
seen in our previous study [41]. However in the presence of a lipid reservoir, the softer layers
can self-heal and the robustness plays a less crucial role. Under these conditions, the hydration
level of the lipid headgroups plays the more important role in enhancing lubrication via the
hydration lubrication mechanism. This is in line with our previous observation of sliding
between uniform layers of DPPC-SUV compared to DSPC-SUV, where (on a first approach to
contact prior to layer degradation) the DPPC exhibited a lower friction coefficient attributed to
its better hydration [41]. In other words, where self-healing of the more hydrated headgroups
(DMPC, POPC) is possible, they act as better lubricants. Where it is not possible- as in our
earlier study- it is the more robust PC’s (DPPC, DSPC) that are superior lubricants at high

pressures (where the less robust DMPC, POPC undergo irreversible damage.)

Conclusions

Our previous studies on lubrication by rinsed liposome layers showed that their robustness, as
reflected in their increasing acyl chain lengths, DSPC>DPPC>DMPC, provided the most
important contribution to their lubrication performance; essentially, the deeper the lipid was in
its solid phase, the more robust and better lubricating its vesicles. The present study of these
lipids, as well as the LD phase POPC, in the presence of their corresponding SUV dispersions
revealed an unexpected reversal in the trend, as now DMPC and POPC provide superior
lubrication to that of DPPC and DSPC (which is also very good for these lipids, but
characterized by slightly higher friction coefficients). This is attributed to fast self healing of
the softer surface layers (which are in their liquid disordered phase, POPC, or close to it,
DMPC), which renders the robustness of the DPPC or DSPC (both in their solid ordered phase)
less important at these conditions. DMPC layers were able to provide reversible and
reproducible lubrication with extremely low friction (u<10) up to pressures of 70-90 atm, and
POPC layers exhibited similarly low friction (u<10'4) up to pressures as high as 160 atm.
Under these experimental conditions, the enhanced hydration of the less-densely packed POPC
and DMPC surface layers now plays an important role, and allows enhanced lubrication via the

hydration lubrication mechanism. Their more uniform and smooth surface morphology may
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provide an additional advantage. These insights may have practical implications wherever

lubrication in aqueous media is at a premium.
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In the presence of a lipid reservoir, softer lipid layers can self heal and
provide enhanced lubrication via the hydration lubrication mechanism.
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