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Abstract

A wide range of phosphatidylcholine (PC) lipids with different degrees of unsaturation
has been identified in the human synovial fluid and on the cartilage surface. The
outstanding lubricity of the articular cartilage surface has been attributed to boundary
layers comprising complexes of such lipids, though to date only lubrication by single-
component PC-lipid-based boundary layers has been investigated. As distinguishable
lubrication behavior has been found to be related to the PC structures, we herein
examined the surface morphology (on mica) and the lubrication ability of binary PC lipid
mixtures, 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) and 1-palmitoyl-2-
oleoyl-sn-glycero-3-phosphocholine (POPC), using atomic force microscopy (AFM) and
a surface force balance (SFB). These two PC lipids are among the most abundant
saturated and unsaturated PC components in synovial joints. Small unilamellar vesicles
(SUVs) prepared from DPPC-POPC mixtures (8:2, 5:5, and 2:8, molar ratios) ruptured
and formed bilayers on mica. The normal and shear forces between two DPPC-POPC
bilayer-coated mica surfaces across the corresponding SUV dispersions show good
boundary lubrication (friction coefficients < ca. 10*) up to contact stresses of 8.3 £ 2.2
MPa for 8:2 DPPC-POPC and 5.0 + 1.7 MPa for the others. Hemifusion induced at high
normal pressures was observed, probably because of the height mismatch of two
components. Reproducible successive approaches after hemifusion indicate rapid self-
healing of the mica-supported bilayers in the presence of the SUVs reservoir. This work
is a first step to provide insight concerning the lubrication, wear, and healing of the PC-
based boundary layers — which must consist of multicomponent lipid mixtures - on the

articular cartilage surface.
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Il INTRODUCTION

Phosphatidylcholine (PC) is the major class of phospholipid (PL) present in
biological systems.!>* PC molecules consist of a zwitterionic phosphocholine headgroup
and two hydrophobic alkyl chain tails. As surface-active compounds, PC lipids
participate in many biological activities at interfaces, such as lubrication in the articular
joints and preventing adhesion in the peritoneal cavity.*** The remarkable lubrication
ability of the articular joint, with low kinetic friction coefficients (0.03 — 0.001) at
pressures up to 5— 10 MPa or more,”® has attracted much interest due to the increasing
demand for treating osteoarthritis and designing lubricating biomaterials.

Inspired by nature, the lubricating ability of PC lipids has been investigated. The
most abundant saturated PC in synovial fluid, 1,2-dipalmitoyl-sn-glycero-3-

phosphocholine (DPPC), has been widely studied as a model PC lubricant for natural and

£10,11 12,13

artificial join and biomaterials under aqueous conditions. Results show that
DPPC is capable of reducing friction and protecting the substrate from wear at room
temperature.>' %12 A further study shows that the lubrication behavior of DPPC is
temperature-dependent: more pronounced decrease in shear force was observed at
temperature above the main solid-ordered (or gel) to liquid-disordered (or liquid
crystalline) phase transition temperature (75,).'*

The lubrication behavior of different PC lipids is greatly related to the phase
states of PC lipids,'>!¢ which is determined by the length and degree of unsaturation of
alkyl chains. Generally, PCs with shorter alkyl chain lengths or unsaturated tails have

lower T, than experimental room temperature (25 °C). For these PC lipids in the liquid

disordered state, the tails are more randomly oriented and the bilayers are loosely packed.



Such a fluid bilayer allows reduced friction coefficients between two bilayers supported
by hard quartz or mica substrates, self-healing from the lipid reservoir;%!°> but cannot
maintain such good lubricating ability under high pressures when supported by mica or
hyaluronic acid (HA) layer under water or aqueous salt solutions (no lipid reservoir).!7!8
Extremely low friction coefficients under physiological pressures (up to ca. 100
atm) have been achieved by PC lipids in robust solid-ordered (gel) state with or without a
lipid reservoir, and for PC lipids in their fluid liquid crystalline state in dispersion, as
measured by the surface force balance (SFB).!>!” The lubrication mechanism is attributed
to the hydration lubrication effect: the water molecules bind to the zwitterionic
headgroups via dipole-charge interactions and at the same time exchange rapidly with
free water molecules. This leads to strong hydration repulsion upon close approach and
reduced energy dispassion when two surfaces slide pass each other, and consequently
provides low friction coefficients.!®!%2%2! This general mechanism also accounts for

192122 charged surfactants,”® and zwitterionic polymer

lubrication by hydrated ions,
brushes®* under aqueous solutions.

In contrast to PC lipids which are able to offer extreme lubrication under
physiological pressures, the biomacromolecules in the articular joint, such as hyaluronic
acid (HA), lubricin, and aggrecan, cannot by themselves provide comparable lubrication
ability.?>2% A proposed scenario for articular joint lubrication is that the synergistic effect
of HA, lubricin and PC lipids together play a key role, in which the PC lipids in the outer
layer, exposing their highly-hydrated phosphocholine groups, are responsible for

reducing the friction coefficient.'®?72% The PC identified in the joint, however, is

composed of a wide range of lipids with different acyl chain lengths and degrees of



unsaturation.>>?° Particularly, up to 86.0 + 6.5 mol% of total PCs in human synovial fluid
are unsaturated and ~ 61.38% of the PC alkyl chains on the cartilage surface bear one or
more unsaturated bonds.?° While lubrication by boundary layers consisting of single-
component PC lipids, including DPPC and 1-palmitoyl-2-oleoyl-sn-glycero-3-
phosphocholine (POPC), have been examined, clearly in joints such boundary layers
must consist of mixtures of the different lipids. Thus, understanding the roles of gel-state
saturated PC lipids and liquid crystalline-state unsaturated ones in binary mixtures, and
the correlation between physical properties and interfacial interactions of binary saturated
and unsaturated PC lipids, are an important first step for better understanding the
biolubrication mechanism and further designing efficient PC-based boundary lubricants.
In this work, we evaluated the boundary lubricating performance of mixtures of
DPPC and POPC (structures shown in Figure 1), the most abundant saturated and
unsaturated PCs identified in synovial fluid and on the cartilage surface.’? SUVs
prepared from DPPC-POPC mixtures were characterized by lipid composition, size
distribution, surface zeta potential, and main 7,. The studied DPPC-POPC mixtures
includes a gel-state DPPC-rich mixture (8:2), a fluid-state POPC-rich mixture (2:8), as
well as a mixture of equal molar ratios (5:5). The morphology of SUVs adsorbed on mica
was characterized by atomic force microscopy. The normal and shear forces between two
opposing mica surfaces coated with DPPC-POPC-SUVs fused bilayers were measured
across SUV dispersions using an SFB. Based on the results, the lubrication behavior of

DPPC-POPC mixtures were evaluated.
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Figure 1. Chemical structures of DPPC and POPC.

Il EXPERIMENTAL SECTION

Materials. DPPC and POPC lipids with purities > 99.5 wt.% were purchased from
Lipoid GmbH (Ludwigshafen, Germany). Water was purified through a Thermo
Scientific™ Barnstead™ GenPure™ water purification system, with a resistivity of 18.2
MQ-cm and the total organic carbon content < 1 ppb. This study is carried out in water
with no added salt, in future work we will probe the effect of physiological level salt
concentrations.

Preparation of Liposomes. Mixed DPPC-POPC powders were prepared by
dissolving suitable amounts of both PC lipids in chloroform/methanol (3/1, v/v) at a final
concentration of ~ 100 mg lipids/mL solvent, well mixed by vortexing, dried by blowing
N2 overnight, and then lyophilized overnight. The obtained mixture was then mixed with
water, sonicated in a water bath at 50 C (above the phase transition temperatures of
DPPC 41 °C and POPC -2 °C) for 5 min and vortexed for 5 min to get well dispersed
multilamellar vesicles (MLVs). After that, the MLV dispersions were downsized to
achieve a uniform size distribution by extruding under pressure through polycarbonate
membranes with pore sizes of 0.4 pm, 0.1 um, and 0.05 pm for 5, 10, and 12 times,
respectively. The temperature of the extruder was kept at 50 °C by a water circulation
bath connected to the extruder jacket. The prepared liposome dispersions were cooled

down to room temperature and stored at 4 °C before use within 24 hours.
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Dynamic Light Scattering (DLS). Size distribution and zeta-potential () of liposome
dispersions were measured on a Malvern’s Zetasizer Nano ZSP instrument at 25 °C and
measurements were at a backscatter angle of 173°.

Atomic Force Microscopy (AFM). The morphology of adsorbed SUVs on mica
surface was characterized by AFM, which was carried out on an Asylum MFP-3D SA
instrument. Silicon tip on nitride lever with a nominal spring constant of 0.35 N-m™' (SNL,
Bruker) was used for imaging. Samples were prepared by incubating freshly cleaved
mica, which was firmly glued inside a petri dish, in 0.3 mM liposome dispersions for
more than 2 hours. Unless specified, scans were done with non-contact mode under 0.3
mM liposome dispersion.

Surface Force Balance (SFB). The normal (F.(D)) profiles and shear (Fy) forces as
well as the absolute surface separation D between two mica surfaces were measured with
SFB, the details of which were explained in previous work.?*3! Briefly, the single-crystal
mica (ruby muscovite, Grade 1, S&J Trading Inc., NY) facets of 2.5 - 3.2 um thickness
were back-silvered and glued onto hemi-cylindrical quartz lenses using epoxy resin
(EPON Resin 1004F, Miller-Stephenson Chemical Co., Inc.). Two lenses were amounted
onto upper and lower holders in a cross-cylinder configuration. The separation between
two surfaces (D) was calculated from the wavelength of fringes of equal chromatic order
(FECO) compared with the mica in contact,*? with an accuracy of = 0.3 nm. The normal
force was measured in a quasi-static approach and calculated according to the bending of
the normal spring (spring constant &, = 127 N/m). The shear force Fj measure Was calculated
according to the bending of a set of vertical springs (spring constant &, = 300 N/m) via an

air-gap capacitor (Accumeasure ASP-1-ILA, MTI Instrument, NY) as a response to a



lateral back-and-forth movement applied to the upper lens by a piezoelectric probe. The
shear forces (Fs) was calculated by Fs = Fmeasure - Fs0, Where Fgo was the (low)
systematic signal measured at D > 500 nm. The maximal lateral displacement with our
SFB is ca. 2 um, and a range 0.2 — 2 um lateral displacement was applied. Since the
lateral contact dimension is around 10 um, this means that around 2% - 20% ‘new’ area
is probed when a 0.2 — 2 um lateral motion is applied. Friction coefficients (u) were
calculated by the ratios of Fy to F, at the highest pressure Pn. measured in each force
profile. The P was calculated by the maximum F, divided by the contact area 4, (4 =
ma?, where a is half the flattened width of the fringe). The interfacial tension (y) was
calculated according to the Johnson-Kendall-Roberts (JKR) theory by the equation y =
Fpul-opf3nR, where Fpuio was calculated by the product of jump-out distance and the
normal spring constant, and R was the mean radius of curvature.?* The experiment was
conducted at 25 = 0.5 °C in a temperature-stabilized room. Data listed for each DPPC-
POPC system were obtained from two independent experiments, with a number of
independent contact points in each.

Unless specified, 0.8 mL of 6 mM SUYV dispersion was introduced to the boat filled
with ~ 16 mL water. The final concentration of PC lipids in the boat was ca. 0.3 mM, in
with the range of the total phospholipid concentration in human synovial fluid.*°

Measurements were performed after more than two hours incubation in SUV dispersion.

Il RESULTS AND DISCUSSION

Liposome Characterization



Liposomes prepared from mixed DPPC and POPC of three molar ratios, 8:2, 5:5
and 2:8, were characterized by DLS, zeta-potential, NMR, and DSC. The size distribution
of prepared liposomes was ~ 70 nm and the PDI values were less than 0.1
(Supplementary Information, SI, Table S1), indicating that uniformly distributed SUVss
were prepared by the extrusion.?* The zeta-potential ({) values of the prepared liposomes
were all close to zero (see Table S1), as expected for the zwitterionic PC phosphocholine
headgroups. The DPPC to POPC molar ratios in the prepared SUVs were evaluated from
the NMR spectra (Figure S1), which also revealed that there was no detected hydrolysis
of PC to lysophosphatidylcholine.>> DSC measurements (Figure S2) show hysteresis for
the main phase transition temperatures (7,,) of all single- and binary-component SUVs,
similar to the observation of PC-MLVs and -LUVs.’® The 7T, values upon heating
(cooling) are estimated to be 35.0 (34.3), 29.3 (28.8), and 2.0 (0.0) °C for DPPC-POPC
8:2, 5:5, and 2:8, whereas those for DPPC- and POPC-SUVs are 40.7 (39.6) and -2.9 (4.9)

°C, respectively.
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Figure 2. AFM images (2 pum x 2 pum) of DPPC-POPC-SUVs prepared from DPPC-
POPC molar ratios of 8:2 (a), 5:5 (b), and 2:8 (c) adsorbed on freshly cleaved mica. The
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images (a) and (b) were obtained after 4 h incubation, while image (c) was after 2 h
incubation. Equilibrium was reached for all the three systems, indicated by the unchanged
morphology at different scanning areas. Inset image in (b) (500 nm x 500 nm) shows
morphology of mica-supported bilayer after 1.5 h incubation in 0.3 mM DPPC-POPC-
SUV 5:5 dispersion. The dots in image (c) are extra materials attached to the bottom layer.
All the scans were done under 0.3 mM SUYV dispersion at room temperature (~ 25 °C).
The scale bar for images (a-c) is 500 nm, and for the inset image in (b) is 200 nm.

The morphology of DPPC-POPC-SUVs adsorbed on mica was characterized by
AFM scanning under an SUV dispersion. As seen in Figure 2, the SUVs ruptured and
formed continuous lipid bilayer on freshly cleaved mica surfaces, which was further
confirmed by SFB according to the limiting thickness (~ 5 nm), or ‘hard-wall’, reached at
the highest compressions attained. For the DPPC-POPC 8:2 system (Figure 2a), phase
separation between thicker (DPPC-rich) and thinner (POPC-rich) domains was observed
even after equilibrium, which is in agreement with a previous study.’” For the other two
systems, line defects, possibly corresponding to borders of adjacent domains,*® also exist,
and small-area phase separation is observed for DPPC-POPC 5:5 (Figures 2b-c, Figure
S3). As mica surface is negatively charged under aqueous environment, the single-
component PC-SUVs adsorb on mica mainly through the mica-charge vs. zwitterionic-
dipole interactions,'® and form closely packed vesicles (gel-state PC) or supported bilayer
(liquid-crystalline state PC), depending on the phase state of PC lipid.'®?’ In the DPPC-
POPC system, the POPC-rich domains with lower van der Waals interaction between the
tails cause the rupture of liposomes. This is in agreement with a previous finding that the
liquid crystalline state PC in a mixture with a gel state one plays a more important role in

liposome rupture on a hydrophilic substrate.?
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Normal forces

Approaching force profiles. The profiles of normal-force versus distance between two
opposing mica surfaces across 0.3 mM DPPC-POPC-SUV dispersions (following their
incubation for 4 hours in the dispersion) are presented in Figures 3a-c. For the three
systems, a similar trend was observed. As the two surfaces approached from more than
500 nm, there was no detected interaction above the scatter at surface separations D > ca.
100 nm. Weak repulsion (£, > 0) commenced from c.a. 100 nm, and significant repulsion
(> 1 mN m™") was observed from ~ 40 nm. This repulsive interaction range is shorter than
that between negatively charged mica surfaces (~ 200 nm) bearing single-component gel-
state DSPC- or DPPC-SUVs (~ 100 nm), but similar to the cases of liquid crystalline-
state POPC-SUVs.!340 Considering that the zwitterionic headgroups are polar and the
surface of the prepared SUVs is electroneutral, this weak repulsion is most likely steric in
origin and caused by expelling excess liposomes, loosely-attached on top of the lipid

bilayers, out of the contact region.!>!”
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Figure 3. Normal forces (%) normalized by the radius of curvature (R) versus separation
distance (D) for DPPC-POPC 8:2 (a and d), 5:5 (b and e) and 2:8 (¢ and f) immersed in
0.3 mM of the respective DPPC-POPC-SUV dispersions. The filled symbols represent
the first approaches at different contact positions, while the empty/empty-with-dot ones
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represent the successive approaches. In (d-f), The crossed symbols were obtained from
the receding profiles and the solid lines with arrow indicate ‘jump-out’.

At strong compression the repulsive force increased as D decreases to a ‘hard-
wall’ separation of 9.3 £ 0.8, 8.7 = 1.1, and 8.5 = 0.5 nm as the molar ratio of POPC
increases in the order of DPPC-POPC 8:2, 5:5, and 2:8. As the thicknesses of fully
hydrated DPPC and POPC bilayers are 4.7 nm*' and 3.9 nm*?, the observed values are
between two bilayers of DPPC and of POPC, corresponding to two DPPC-POPC mixed
bilayers. The flat tips of the fringes (Figure 4, upper images in a and b) indicate that two
bilayers without any extra materials remained in the contact area. Such strong, short-
ranged repulsive force between two facing PC bilayers, according to previous studies, are
hydration repulsion arises mainly from the hydration layers coating the zwitterionic
headgroups.*

When the normal force/pressure reached a certain critical point, ‘jump-in’
phenomena indicating decreases in the distance between the two surfaces were observed
(see insets in Figures 3a-c). For DPPC-POPC 5:5, D decreases from 8.7 £ 1.1 nm to 4.6 +
0.6 nm at pressures of 5.0 = 1.7 MPa, and for the 2:8 system, D reduces from 8.5 £ 0.5
nm to 4.6 = 0.2 nm at pressures of 5.0 = 0.5 MPa. The change in distance and the flat
fringe tips before and after ‘jump-in’ (Figures 4a-b) indicate that one bilayer was
squeezed out of the whole contact area, namely, full hemifusion took place.** This
hemifusion is a rapid process which lasts less than 1s. For the DPPC-POPC 8:2 system,
however, a stage appeared in the flattened tip of the fringe (Figure 4a, bottom image),

where the distance between two mica surfaces decreased from 9.3 + 0.8 nm to a final
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distance 5.3 £ 0.7 nm in this stage at normal pressure up to 8.3 = 2.2 MPa. These results

indicate that partial hemifusion occurred in the contact region (Figure 4a).

(@) Partial hemifusion (b) Full hemifusion

separation and self-healin

Figure 4. Typical shapes of multiple-beam interference fringes before (upper images)
and after (lower images) partial (a) and full (b) hemifusion, and illustration (c) of two
mica supported DPPC-POPC bilayers before contact, in close contact (‘hard-wall’), after
hemifusion, and subsequent separation and self-healing with reservoir to the original state.
In (a) and (b), the vertical line of wavelength 546.1 nm was used as a reference during the
measurements. The illustrations right to each fringe image show the structures of mica
supported lipid bilayer(s), with DPPC and POPC molecules in yellow and blue colors
(online), respectively. Dashed line squares show the slip-plane lying between two
opposing layers of PC headgroups.

Receding force profiles. Receding profiles Fy(D) were measured upon separating the
mica-supported bilayers. From the results shown in Figures 3d-f, we can see that the
receding and approaching profiles are not reversible. Repulsive forces between two

bilayers on approaching were observed for all the three systems. However, attractive
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forces (F, < 0) and ‘jumps-out’ were observed for all the systems that experienced
hemifusion. ‘Jump-out’ occurs on separation due to a Euler-like instability of the normal
spring. For DPPC-POPC 8:2 bilayers that experienced partial hemifusion, jump-out took
place at separation distance of 12.1 + 0.7 nm, corresponding to the thickness of two
extended bilayers. A jump-out to a separation 63.7 £ 16.3 nm was recorded. The
corresponding pull-off force was -0.8 + 0.2 mJ/m?, intermediate between the van der
Waals interaction between two PC bilayers of fluid-phase POPC (-0.6 mJ/m?)* and gel-
phase DPPC (-0.90 + 0.15 mJ/m?)*. In contrast, for the other two systems where full
hemifusion occurred, the jump-out distances were 3.1 = 0.5 pm and 2.1 + 0.4 um for 5:5
and 2:8, indicating much stronger adhesive forces than the van der Waals interaction.
Detailed discussion is in the following section.

As shown in Figure 3, the normal force profiles obtained from independent
experiments and different contact positions are generally repeatable. More interestingly,
even after hemifusion, the normal force profiles of the second and following approaches
(Figure 3, open/open with dot symbols) follow the similar trends as the first ones at the
same contact positions for all the studied systems. This reproducibility of the normal
force profiles implies that the two surfaces healed and each mica surface was covered by

one lipid bilayer upon the approaches after hemifusion and separation (Figure 4c).

Frictional forces
Shear force traces were recorded while measuring the normal forces and surface
separation distances. The typical applied lateral back-and-forth motion (top traces) and

corresponding shear traces at different surface separation distances and pressures are
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shown in Figure 5. The sliding friction force is measured from the plateau region of the
shear-force traces. In Figure 5a, we can see that the sliding friction force between two
DPPC-POPC 8:2 bilayers increased gradually until an abrupt increase in shear force took
place, where no relative sliding between two surfaces was recorded and the surfaces
moved rigidly together. This so-called ‘rigid-coupling’ happens when the applied lateral
force is lower than the static friction force, so that there is no relative movement between
the two surfaces. Similar phenomena were observed for DPPC-POPC 5:5 and 2:8, except
for the fact that lower friction forces before ‘rigid-coupling” were observed for the 5:5
system (Figure 5b), and even much lower shear forces (at the noise level) for the DPPC-
POPC 2:8 (Figure 5c¢) prior to ‘rigid-coupling’. Occasionally, ‘shear to rigid-coupling’

transitions, as shown in the bottom traces of Figures Sb-c, were recorded.

(a) DPPC-POPC 8:2 (b) DPPC-POPC 5:5 (c) DPPC-POPC 2:8
32 nm{WV\/\/ 232 nm \ 284 nm W\/\
2s
D=11.3 nm, P=1.3 MPa _D=118nm,P=13MPa 113nmp 1.3 MPa D=121nm, P=0.7 MPa
20 uN 20 pN

40 HN[ D=9.9nm, P=4.7 MPa . [ D=9.7 nm, P=5.3 MPa | D=8.4nm, P=3.8 MPa

D=9.3nm, P=10.9 MPa D=9.6 nm, P=6.5 MPa D=8.3nm, P=4.6 MPa
W el e\t NN S,
- D=4.8 nm, =

D=54nm, P=11.0 MPa D=94nm, o MPa D=83nm, D-49nm

P=7.0 MPa P =4.6 MPa

A P=4.6MPa
H

Figure 5. Typical shear traces for DPPC-POPC 8:2 (a), 5:5 (b), and 2:8 (c) at different
separation distances (D) and pressures (P). The friction forces are evaluated through
frequency analysis at the drive frequency. The top traces were lateral motion applied to
the upper lens by PZT, the same as the lateral displacement of the bottom ones when
‘rigid-coupling’ occurs, which is accompanied by a decrease in D.
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Figure 6. Shear force (Fy) as a function of sliding velocity (vs) for DPPC-POPC 8:2 at D
= 9.7 nm and pressure P = 5.24 MPa (squares), as well as DPPC-POPC 5:5 at D = 10.6
nm and P = 3.29 MPa (triangles, data obtained from the second approach) and D = 11.4
nm and P = 3.43 MPa (spheres, data obtained from the first approach of a different
contact position from the triangles), immersed in 0.3 mM of the respective DPPC-POPC-
SUV dispersions. The three sets of data were from independent experiments. The sliding
velocity was adjusted by changing either the amplitude of lateral displacement at a given
back-and-forth frequency (filled symbols), or the frequency at a fixed lateral
displacement amplitude (half-filled symbols). The shear forces for DPPC-POPC 2:8
system are below the detection limit (a noise level of ca. 0.3 uN) before hemifusion
occurs, so we couldn’t get the accurate values and didn’t report here.

The sliding friction forces Fs measured at different surface separations D and
pressures as a function of the sliding velocity vs are plotted in Figure 6. We note that F is
largely independent of vs over the range of parameters shown, clearly indicating a
boundary lubrication mode for the mixed DPPC-POPC bilayers.

The variation of sliding friction forces with normal loads (F; vs. F}) are presented
in Figure 7, and show that the friction coefficients x4 for different DPPC-POPC mixtures
are extremely low, u = 10 or even lower, even under physiological-level contact stresses

up to 3.2 — 10.9 MPa. For the DPPC-rich 8:2 system, 4 was in the range of (2.2 — 5.0)
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x10* under pressures up to 8.5 — 10.9 MPa; while for the POPC-rich 2:8 system, friction
coefficients lower than 10 were obtained at pressures ranging 4.6 — 5.9 MPa. For the
system DPPC-POPC 5:5, friction coefficients of 1.8x10 — 2.3x10* under pressures of
3.2 — 7.7 MPa were obtained. Compared with single component PCs, where ¢ = (1.6 —
3.0) x10* at pressures up to 18 MPa for DPPC and u < 10 at pressures as high as 16
MPa were obtained.!> the DPPC-rich system behaves more like a single component
DPPC, and the POPC-rich system is like a single component POPC, while the DPPC-
POPC 5:5 system shows higher friction coefficients before hemifusion occurs. The
friction coefficients for the successive approaches were lower than the first ones, which is
attributed to removal of loosely-attached liposomes on the surfaces, which result in
viscoelastic dissipation when they are first sheared and removed, but then after removal
on second and subsequent approaches this dissipation is reduced, hence lower friction.

A summary of the F;vs. F, variation for the three systems is shown in Figure 7d,
from which we can see the 8:2 system sustains the highest normal forces and the 2:8

system exhibits the lowest shear forces prior to abrupt rigid-coupling of the two surfaces.
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Figure 7. Shear force versus normal force for DPPC-POPC 8:2 (a), 5:5 (b), and 2:8 (c¢),
immersed in 0.3 mM of the respective DPPC-POPC-SUV dispersions. The summary of
all the three systems is shown in (d). The yellow arrows indicate abrupt increases in shear
forces when ‘rigid-coupling’ was observed. The filled symbols represent the first
approaches at different contact positions, while the empty/empty with dot ones represent
the successive approaches. The friction coefficients (¢) and pressures (P) were calculated
by the last data points before rigid-coupling/hemifusion.

The very low friction coefficients between two mica-supported, mixed DPPC-
POPC bilayers is in agreement with the previous study that single-component PC
vesicles/lipids exhibit excellent lubrication behavior by virtue of the hydration lubrication

effect.!>!%47 On one hand, the hydration layer surrounding the zwitterionic headgroups
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(10 — 15 water molecules per headgroup*®*°) reduces the energy dissipation by acting
very fluidly when the slip-plane lies between two boundary PC layers, giving rise to low
sliding friction forces; on the other hand, water molecules are bound tenaciously to the
headgroups via charge-dipole interaction and thus can support strong repulsive forces,
when the two surfaces are compressed, without being squeezed out. The resulting low
friction at high normal loads leads to extremely low friction coefficients. Similarly to the
DPPC-POPC 2:8 system, friction coefficients < 10 have been reported for single-
component DMPC and POPC bilayer coated mica surfaces across liposome dispersions at
temperature higher than their phase transition temperatures.'> This lubrication behavior is
likely related to the liquid crystalline state of the bilayers: for PC molecules in liquid
crystalline state, their higher hydration level and lower packing density than those in gel
state, together with the ability to rapidly self-heal in the presence of the lipid reservoir in
the SUV dispersions, give rise to reduced energy dissipation during sliding.3%3!-%

An abrupt increase in the friction force was observed simultaneously with
hemifusion, as indicated by the arrows in Figures 7a-c. We attribute this to the slip plane
changing upon hemifusion. Following hemifusion, the slip plane between two opposing,
highly-hydrated PC headgroups interfaces is replaced by a tail-tail interface at the
midplane between the surfaces (Figure 4). Such an interface, dominated by van der Waals
attraction between the hydrophobic lipid tails, is associated with much larger dissipation
on sliding, hence much higher friction. Higher friction coefficients were also observed
without reservoir of SUVs, under which condition the lipid bilayers might be

discontinuous and unable to heal, and thus collapse under high load (Figure S4).
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Hemifusion, Adhesion, and Self-healing

Hemifusion. Hemifusion has been widely recognized as an intermediate state of cell
membrane fusion.* The involved stalk formation followed by reducing the inter-
membrane distance can be triggered by SNARE or SM (Sec1/Munc18-like) proteins,>* by
intramembrane tension,> or by applying high normal pressures.!® Packing mismatches
and local defects in the supported bilayer are considered to be essential to induce
hemifusion by exposing the hydrophobic tails, the long-ranged hydrophobic attraction
between which overcomes the hydration repulsion and thereby leads to hemifusion.’¢
Previous surface forces studies have reported hemifusion between mica-supported
bilayers such as 1,2-dipalmitoyl-sn-glycero-3-phosphoethanolamine (DPPE),>” 1,2-
dimyristoyl-sn-glycero-3-phosphocholine (DMPC),"® egg yolk PC,® and mixtures of
DPPC-cholesterol®3.

For single-component phospholipid, defects on the bilayer are considered to be
the main reason for hemifusion.’® No hemifusion was observed for gel-state DPPC up to
18 MPa and for liquid crystalline-state POPC up to 16 MPa in the presence of the SUV
dispersion.'> In this study, high normal pressure together with the mismatch arising from
mixed lipids is most likely the main reason for hemifusion. The thickness of two
supported bilayers before and after hemifusion (left and middle columns in each trio), as
well as the thickness change on hemifusion (4D, right column in trio), versus POPC
content in the system, is shown in Figure 8. The thickness of two removed proximal/outer
leaflets (~ 4 nm) appears thinner than the remaining two cytoplasmic/inner leaflets (~ 5

nm), indicating the bilayers deformed elastically by thinning under high pressures (about
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5 ~ 10 MPa). For the mixed PC lipids system, the packing mismatches of DPPC and

POPC presumably reduce the energy barrier and facilitates hemifusion.

124 o, WD, 740

Thickness [nm]

POPC mol%

Figure 8. The surface separation distances between two mica surfaces before (Dpe) and
after (D4s) hemifusion as well as the change in thickness (4D) upon hemifusion versus
the molar fraction of POPC in the mixtures. Thicknesses of two compressed bilayers Dpes
before and single bilayer Dy after hemifusion are 9.3 + 0.8 nm and 5.3 + 0.7 nm (n = 19),
8.7+ 1.1 nm and 4.6 £ 0.6 nm (n = 16), and 8.5 + 0.5 nm and 4.6 + 0.2 nm (n = 12) for
20%, 50%, and 80% POPC, respectively, where the + indicates standard deviations. The
data for pure DPPC (POPC mol% = 0, Dper = 10 £ 1 nm) and POPC (Dper= 10 = 1 nm,
Dy = 5 £ 1 nm) were adapted from Ref. 15. No hemifusion was observed between gel-
state DPPC bilayers.

For DPPC-POPC 5:5 and 2:8, where the mixtures are mainly in liquid crystalline
state according to the measured main phase transition temperatures of these mixtures (see
Figure S2), fully hemifused contact regions were observed. As for DPPC-POPC 8:2

mixtures, where partial hemifusion and phase separation of supported bilayer on mica
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was indicated (Figure 2), we suspect that the DPPC-rich domains did not undergo
hemifusion (Figure 4a) owning to the fact that the gel state DPPC-rich area is robust
enough to sustain such high pressures in the presence of reservior.'> Therefore, the gel
state PC domains are expected to play a dominant role in preventing the hemifusion from

happening under physiological pressures.

Adhesion. The interfacial adhesion energy (y) was calculated according to the Johnson-
Kendall-Roberts (JKR) model and the results are listed in Table 1. Under conditions that
a PC bilayer is trapped between two mica surfaces, the interfacial energies for DPPC-
POPC 8:2, 5:5 and 2:8 are in a decreasing trend of -6.74 + 1.24, -4.90 £+ 0.80, and -3.30 +
0.60 mJ/m?, respectively. These values are much lower than the alkane-water interfacial
energy (-50 mJ/m?),> but are comparable to the value obtained for interfaces of HSPC-
mica (-14 £ 4 mJ/m?),'” HSPC-40% cholesterol/mica (- 10.5 + 4.3 mJ/m?) and DMPC-
40% cholesterol/mica (~ 4 mJ/m?)%®. Therefore, we may conclude that the interface upon
separation is not the hydrophobic tail/tail interface, but the PC headgroups/mica interface.
From Table 1, we can also see that the interfacial energy is related to the phase transition
temperature of the PC lipids. Generally, for PC lipids with higher 7, the headgroup-mica

interaction strength is stronger due to the lower area per lipid,** and vice versa.
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Table 1. Interfacial energy calculated from separating between two mica surfaces with a

trapped bilayer in between.

systems y/(mJ/m?)
alkane-water>’ ~-50
HSPC-mica (in water)!’ -14 £ 4*
HSPC-40% cholesterol (in bulk) 38 -10.5+4.3
DPPC-POPC 8:2-mica (in water) -6.74 + 1.24*
DPPC-POPC 5:5 (in bulk) -4.90 £ 0.80
DMPC-40% cholesterol (in bulk) *® ~ -4
DPPC-POPC 2:8 (in bulk) -3.30+0.60
POPC (in bulk) 2.9 +0.25%%

*For the HSPC and DPPC-POPC 8:2 systems, no hemifusion was observed in SUV dispersion,
where two surfaces were both coated with gel-state SUVs or bilayers. The interfacial energies
were measured with an asymmetric system consisting a bare mica surface and a PC bilayer-
coated mica surface across water.

**The interfacial energy was calculated according to a separate experiment where hemifusion
took place.

Self-healing. Self-maintenance of the boundary lubricant upon sliding is crucial to
maintain low friction coefficients and prevent the underlying matrix from wearing. Since
the separation plane, deduced from y values lies in the PC headgroup - mica interface, on
separation from hemifusion one surface is bare mica, the other is coated by the bilayer.
Reproducible normal force profiles obtained in the successive approaches, following
hemifusion and separation, indicate rapid self-healing of the boundary bilayers by PC

molecules in the reservoir (illustrated in Figure 4c). This was further support by the fact

that higher friction under lower load for DPPC-POPC 8:2 bilayer coated surfaces under
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water than across SUV dispersion (Figure S4). This may have bearing in the context of
biolubrication of synovial joints, where high friction coefficients between articular
cartilages could be correlated with the onset of osteoarthritis, a widespread joint disease
which is associated with cartilage wear.?® Previous studies have shown that the self-
healing of PC lipids is related to their fluidity: fast self-healing of DMPC bilayers was
observed,!> however, healing of a bilayer composed of DPPE supported 1,2-dilauroyl-sn-
glycero-3-phosphoethanolamine (DLPE) takes hours to days.>’ In the present work, the
unsaturated PC may play a key role in rapid self-healing and maintaining the integrity of
the boundary bilayer, which lowers the friction and protects the underlying layers. This
finding suggests that the abundant unsaturated PCs in human synovial fluid may be of
great importance in maintaining the integrity of boundary PC layers on the cartilage
surface and in transferring phospholipid from synovial fluid to the cartilage surfaces to
heal disrupted bilayers, thereby lowing the friction and protecting the underlying layers

from wear.

Il CONCLUSIONS

Normal and shear forces between DPPC-POPC (8:2, 5:5, and 2:8, molar ratios)-coated
mica surfaces were measured using an SFB across dispersions of the respective SUVs.
On approaching, short ranged (D ~ 10 nm) repulsion between the opposing DPPC-POPC
bilayers was observed at the highest compressions attained. Meanwhile, extremely low
friction coefficients of 10 level or even lower under pressures of up to 3.2 — 10.9 MPa
were also obtained, attributed to the hydration lubrication mechanism. At higher

pressures hemifusion and a sharp rise in friction was seen. Among the three studied
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systems, the DPPC-rich system (8:2) is able to sustain highest pressure (8.5 — 10.9 MPa)
prior to hemifusion, while the POPC-rich system (2:8) maintains the lowest friction
coefficient (< 10*) prior to hemifusion. Hemifusion induced at a critical pressure was
found over the whole contact region for the DPPC-POPC 5:5 and 2:8 mixtures, possibly
due to the packing mismatches of two PC components; while partial hemifusion occurred
for DPPC-POPC 8:2 bilayers, where the robust gel state DPPC-rich domains can sustain
higher pressures and so do not hemifuse. Upon separating the hemifused bilayers
supported by two mica surfaces, adhesive attraction was recorded. The surface tension
was calculated from pull-off forces, indicating that the separation plane lies in the PC
headgroup plane-mica interface. Since such separation is expected to leave each mica
surface partly bare and partly coated by a bilayer, the fact that in the successive
approaches, following hemifusion and separation, reproducible normal force profiles
were obtained, indicate rapid self-healing of the supported bilayers by PC molecules in
the reservoir. This study provides insight and is a first step to understanding how the
multi-component PC (and other) lipids present in articular joints may affect cartilage
boundary lubrication, which is attributed to lipid-exposing boundary layers on the

articular surface, and to designing more efficient lipid-based boundary biolubricants.
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