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Abstract:

Phospholipid surface assemblies are crucial ingredients in reducing the boundary friction of
articular cartilage in synovial joints such as hips and knees, of central importance to their
homeostasis and to tissue-wear-related diseases such as osteoarthritis. From the point of view of
biolubrication, the very large number of different lipids in joints begs the question of whether this is
natural redundancy, or does this multiplicity confer any benefits, possibly through natural selection.
Here we demonstrate that particular combinations of lipids present in joints may carry a clear
benefit for their lubricating properties. Using progressively more complex mixtures of lipids
representative of those in joints, and measuring their interactions using a uniquely-sensitive surface
forces balance at physiologically-relevant salt concentrations and pressures, we show that different
lipid combinations lead to very significant differences in their efficacy as boundary lubricants. This
points to a clear synergy arising from the multiple lipid types in the lubricating layers, provides
insight into the role of lipid type proliferation in synovial joints, of possibly evolutionary origins,
and may suggest new treatment modalities for osteoarthritis. We identify parameters of lipid-based
boundary layers that might contribute to improved boundary lubrication in the light of the present
study. Finally, we describe a possible approach based on molecular dynamics (MD) to emulating
such optimal lipid combinations, and provide proof-of-concept MD simulations to illustrate this

approach.

Keywords: Biolubrication; phospholipid mixtures; surface forces; hydration lubrication; hemifusion;

lubrication synergy; synovial joints; osteoarthritis.






Introduction

Synovial joints, such as hips and knees, have evolved as long-lived, highly efficient lubrication
systems under physiological conditions, and the resulting low friction at the articular cartilage
surface, with sliding friction coefficients u ( = [force to slide]/[load]) as low, or even lower than
0.001, is crucial for their homeostasis® 2. In particular it is of central importance for suppressing
wear-related cartilage degradation, a leading symptom of osteoarthritis, the most widespread joint
pathology?. The highly lubricious nature of the articular cartilage layers coating the ends of the joint
bones, which slide past each other as the joints articulate, is due both to the role of interstitial fluid
pressure within the cartilage, and largely to strongly-lubricating boundary layers at the cartilage
surface, whose molecular origins have been extensively studied? 24 6. In recent years, surface-
attached phospholipid layers, in particular phosphatidylcholines (PCs), which are ubiquitous in
joints, have been shown to act as exceptionally good boundary lubricants at both synthetic and at
biological surfaces® "8 %10 Model studies have shown that both zwitterionic PCs” 1% and
sphingomyelin (SM) lipids*? in the form of single-component, surface-adsorbed vesicles or bilayers,
exposing their highly hydrated headgroups at the slip-plane, can impart lubrication capability up to
physiological pressures, with p down to 10 or lower, which is equivalent to that of articular
cartilage in synovial joints. The friction-reduction properties of such layers arise through the
hydration lubrication mechanism?*? active at the highly-hydrated phosphocholine groups exposed by
surface-attached boundary layers incorporating these lipids® 14, It has been proposed that similar
boundary layers are present at the articular cartilage surface, providing its excellent lubricity® 2 15,
Studies of boundary lubrication by phospholipids have all, with few exceptions?®: 118 examined
single-component PCs* 7:10.13. 19,20 Healthy joints, however, are known to include lipids belonging

to many different classes, comprising additionally different tail saturation levels and lengths?!: 2223,



24 While lipids have many biological functions, our main interest here is their contribution to joint
lubrication. A key question, therefore, which this study seeks to address, is whether - separately
from any other biological functions - this proliferation of different lipids in joints holds benefits for
boundary lubrication at the articular cartilage surface, relative to the single or two-component PC
layers which have been studied to date. A corollary to this question, which we also address, is
whether, based on the results of this study, we may attempt to predict combinations of synovial

lipids that can optimize their boundary lubrication performance.

The major phospholipid (PL) groups identified in synovial joints, present in the form of
multilamellar and vesicular structures®® 26 include electroneutral PC, SM, and
phosphatidylethanolamine (PE), as well as minor components negatively charged PLs?" 23, and the
majority have at least one unsaturated tail?3, while the species and concentration of PLs in synovial
joints are also affected by joint diseases, such as osteoarthritis (OA) and rheumatoid arthritis (RA)?"
28 The molecular structure of PLs modulates their properties, and considerable progress has been
achieved in studying the relationship between the structure and lubrication efficiency of PCs!3 2°,
The phase state of a PC bilayer, i.e. whether in gel (more solid-like) or liquid (more fluid) state, is
an important factor in the lubrication behavior of single-component PCs, with differing and
sometimes opposing effects. Thus, on the one hand, fluid lipid bilayers are mechanically weaker
and less robust to shear under physiologically high pressures, so are seemingly less suited as
boundary lubricants?®; while on the other hand their fluidity aids their healing following any
damage or wear'?, which is clearly beneficial for sustained lubrication. Additionally, though they
are mostly excellent boundary lubricants, single-component PC lipids in the gel- or in the fluid-

phases behave differently depending on the nature of the substrates, whether hard (such as mica,



quartz, implant surfaces) or softer, e.g. biomimetic surfaces'® 2% %, Moreover, a PL mixture with
immiscible components may lead to phase-separated PL membranes®?, and thus frictional behavior
different to that of a single-component PL. In a previous study, we examined the interactions
between membranes of a binary mixture of 2 PC lipids: 1,2-dipalmitoyl-sn-glycero-3-
phosphocholine (DPPC) and 1-palmitoyl-2-oleoyl-glycero-3-phosphocholine (POPC)*8. In that
system the phase separation facilitated hemifusion of the opposing layers, and the consequent
elimination of the hydration-lubricated slip-plane at the headgroup-headgroup interface caused an
abrupt increase in the friction force. Different salt ions also play an important role in joint
lubrication. At the physiologically-high total salt concentration in the joints (ca. 150 mM),
electrostatic interactions at the lipid headgroups are strongly screened; in addition, monovalent
sodium cations may specifically adsorb to the surface of zwitterionic lipid bilayers®. Interaction of
multivalent ions with PLs is more complex than that of monovalent cations, and is much stronger
for negatively-charged (anionic) PLs than for zwitterionic ones®3. In particular, while divalent
cations ubiquitous in joints, such as calcium and magnesium, may modulate the charge property of

PL membranes, and also act to bridge negatively-charged groups3* 3°

The present study focuses on the forces acting between surface boundary layers of lipid mixtures,
including the major PL classes found in healthy synovial fluid and on cartilage surfaces, to provide
insight into the lubrication efficiency and possible synergy of multi-component lipid boundary
layers. By synergy here is meant that the effect of combining different lipids leads to better
lubrication than just the sum of the parts. In particular, while it is clearly not possible to test all
possible combinations of the order of 100 or more different PLs in joints?! 2324 a demonstration of

improved lubrication arising from particular combinations of different lipids in the boundary layers



would provide insight from a biolubrication perspective as to the proliferation of different lipids in
joints. Extending our previous work on single-component PLs and binary PC mixtures, we aim to
mimic the diverse mixture of PLs in joints by adsorbing increasingly complex lipid mixtures (Fig.
S1 and Table S1) on a model substrate, and measuring normal and frictional forces between them at
physiological salt concentrations. Forces are measured using the surface force balance (SFB), where

the model substrate is negatively charged, atomically-smooth mica.

Results

The three PL mixtures composed of 2, 5, and 8 PLs/lipids, designated L2, LS, and L8 respectively,
were selected to include progressively more of the major lipid classes in synovial joints (Fig. S1 and
Table S1). To approximately mimic the PLs in synovial joints, all the representative mixtures
contain lipids with phosphocholine and phosphoethanolamine headgroups, which are the main lipid

groups detected in the joints, as summarized in Fig. 1, and all have unsaturated PLs as majority
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Figure 1. Major classes of PLs identified in synovial fluid (SF, light gray), on the cartilage surface
(dark grey), as well as the L2, L5, and L8 systems in this study (green, orange, and purple,
respectively). Neg. represents negatively charged PLs. Data were adapted from Refs. 2* and 23 for
those on the cartilage surface and in synovial fluid, respectively. The black # symbols indicate the
absence of the corresponding PLs on the cartilage surface, while coloured # indicate their absence

from the lipid mixtures in this study.

components. L8 included, in addition to main PL types, also cholesterol which is ubiquitous in
physiological lipid bilayers. To obtain deeper insight into the nature of the effect of combining the
different lipids, as will be later considered, all measurements were carried out both in the absence
and in the presence of calcium ions (as the Ca(NOs): salt) at their physiological concentrations. Size
distribution and zeta potentials of SUVs of the three mixtures were characterized by DLS and are
shown in Table 1, with all three having rather small negative potentials. We point out that addition
of 2 mM Ca(NO3)2 had little effect on the DLS-measured vesicle diameters (which remained at ca.
65 nm) for L2 and L5, indicating little aggregation by the divalent ions. In contrast, L8, which
included the negatively-charged DPPA (at low concentration — ca. 1.4 mole %) and had a slightly
more negative zeta potential, was clearly aggregated by the calcium ions, which presumably acted
as adhesive linkers between the DPPA headgroups on the vesicles. Formation of surface assemblies
of the lipids on the mica substrate was achieved by spontaneous adsorption of the vesicles from the
respective dispersions (Experimental Section), following which they ruptured to form bilayers on
the mica*’. Morphologies of these bilayers were characterized by AFM (Fig. 2). Normal and shear
forces between the bilayer-bearing mica surfaces at different surface separations D across the

respective SUV dispersions with and without added Ca(NOs)2 were directly measured using an SFB



(Figs. 3-4). Below we consider results for each mixture separately, then compare and summarize

our conclusions at the end.

Table 1. Averaged size, Pdl, and zeta potential values of mixed PLs/lipids-SUVs prepared in 150

mM NaNO3 before and after adding Ca(NO3)2.

Lipid . . Zeta
composition Dispersant Size/nm Pdl potential/mV
150 mM NaNOs 68.2+1.2 0.064 -48+1.6
POPC-POPE
+2 mM Ca(NO3):2 69.6 + 2.0 0.082 -23+1.7
150 mM NaNOs 65.1+0.7 0.072 -1.6£0.6
DPPC-POPC-DOPC-
POPE-Egg SM +2 mM Ca(NOs)2 64.1+1.1 0.066 -04+0.2
+ 7.3+
DPPC-POPC-DOPC. 150 mM NaNOs 63.4+0.7 0.057 73103
ooy SMBPPA T MM Ca(NOs),  Multiple peaks 0440 5.3 0.3
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Figure 2. AFM height images of SUVs adsorbed on mica before (a, d, and g) and after (b, e, and h)
adding 2 mM Ca(NO3)2 for the L2 (a-c), L5 (d-f), and L8 (g-i) systems, respectively. All scans were
performed across 0.3 mM SUV dispersion prepared in 150 mM NaNOs. The size of each image is 2
pum x 2 um. Figures (c), (f), and (i) in the last row are corresponding height profiles, whereas the

black and blue lines represent those before and after adding 2 mM Ca(NOs3)a.

L2 mixture: POPC-POPE (4:1, molar ratio)

Phosphocholine and phosphoethanolamine are the two major lipid headgroup classes in synovial
joints?l: 23 as seen in Fig. 1, and hydrophobic tails with one unsaturated group are the most common
tail class. POPC and POPE in a molar ratio of 4:1 — roughly the ratio of phosphocholine and

phosphoethanolamine headgroups in joints— were therefore selected as the first model mixture.
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Compared with the well-studied POPC*?, POPE has a smaller headgroup and stronger inter-lipid
hydrogen-bonding interactions, consequently leading to a more densely packed bilayer and thus
lower area per headgroup, together with a higher phase transition temperature (Table S1)*3 44,
Additionally, vesicles containing PEs have also been found to be more negative than electroneutral
PC-vesicles*, possibly due to the more inward headgroup orientation of PE compared with PC,

exposing more of the negatively charged phosphate group at the surface*® 44,

When mica is immersed in the POPC-POPE-SUV dispersion, planar bilayers of the POPC-POPE
mixtures are formed on its surface (Figs. 2a and 2b). This is presumably because, despite the (small)
net negative ¢-potential of the vesicles arising from the minority PE component®, there is an
attractive dipole-charge interaction with the negatively-charged mica attributed to the zwitterionic
lipid headgroups of the majority PC component, leading to liposome adsorption and vesicle rupture.
At 2 mM calcium concentration, both the non-aggregation of the vesicles and negative zeta
potential values of the SUVs (Table 1, Fig. S2), as well as the unchanged morphology of supported
bilayer on mica, indicate that Ca** interacts only weakly with the POPC-POPE mixture. This is also

consistent with a previous report“.

Normal and shear force profiles were determined for all three mixtures between mica surfaces
immersed in the respective vesicle dispersions, both with and without added calcium salt. Fig. 3
shows typical shear trace profiles for all three mixtures, while Figs. 4a and 4b shows the normal and

friction force profiles for the L2 mixture.
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Figure 3. Illustration of the SFB setup (a) and representative applied lateral motion to the upper
surface (b), and shear force Fs(t) traces (c-e) across L2, L5 and L8 dispersions, respectively. In panel
(a), two mica surfaces are in a crossed-cylindrical configuration at a closest separation distance D,
which is determined according to the wavelengths of fringes of equal chromatic order (FECO) using
the multiple beam interference technique (the fringes shown in the top panel are for two surfaces in
adhesive contact). Normal and shear forces were determined by the bending of corresponding springs.
Displacement of shear springs is monitored by an air-gap capacitor, as responses to the applied back-
and-forth motion via the sectored PZT. In figures (c-e), black and blue traces represent those before
and after adding 2 mM Ca(NOs)2. The changes in shear traces at hemifusion, indicated by an increase
in Fs, were recorded for the L2 system after adding calcium (the lowest blue trace in (c), and for the
L5 system before adding calcium (the lowest black trace in (d)). Hemifusion was observed after
applying sufficient normal force to the system, and occasionally took place while recording the shear

trace, as indicated by the arrows.
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Figure 4. Force profiles across 0.3 mM L2 (aand b), L5 (c and d), and L8 (e and f) dispersion in 150
mM NaNOs before (black symbols) and after (blue symbols) adding 2 mM Ca(NOs)z2, respectively.
(a, ¢, and e) Normalized force versus separation distance (Fn/R vs. D) profiles. (b, d, and f) Shear
force versus normal force (Fs vs. Fn) profiles, D = 0 nm is defined as mica-mica contact in air. Solid
and open symbols represent the first and subsequent approaches, respectively. Arrows in the inset of
figure (a, ¢, and e) indicate jumps in D when a bilayer is removed from the contact area by hemifusion
(ca. 10 to 5 nm, broken lines) or totally squeezed out (ca. 5 to 0 nm, solid line). Data for figures (b,
d, and f) were extracted from shear force traces as in Fig. 4, whereas red broken arrows indicate
increases in Fs observed at hemifusion in 150 mM NaNOs, while the red solid arrows indicate “rigid-
coupling” of two surfaces at hemifusion following Ca** addition, where Fs is higher than the detection

limit of the device (185 uN) and “rigid-coupling” occurs (see text).

In Fig. 4a, the double-layer repulsion between the surfaces is strongly screened (Debye screening
length ~ 0.8 nm at 150 mM monovalent salt), and the normal forces acting between the POPC-
POPE membranes are negligible at D > 13 nm, a little greater than the thickness of two hydrated PL
bilayers. This is consistent with the flat lipid bilayer structure observed by AFM scanning (Fig. 2a).

As Fn(D) increases, D decreases gradually until at a critical normal load, it shifts abruptly from 9.8
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+0.5t0 5.1 + 1.0 nm, indicating that two PL bilayers hemifuse into one (inset to Fig. 4a). On
further loading, the trapped bilayer is squeezed out of the contact area, as D decreases from 4.1 +
0.9 nmto 0.2 + 0.4 nm, revealing that the POPC-POPE bilayer adheres only weakly to the mica
surface. On adding 2 mM calcium, the most striking change is that the normalized load (Fn(D)/R)
that induces hemifusion increases more than 6-fold, from 80.4 + 46.2 to 529.5 + 207.0 mN/m,
corresponding to pressures of a few MPa, comparable with those in synovial joints. Once
hemifusion or total expulsion of the bilayer from the contact region occurred, force profiles
following separation of the surfaces and successive approaches (empty symbols in Figs. 4a and 4b)
are similar to those of the first approach, indicating that the POPC-POPE layer on each surface

underwent self-healing to form a continuous bilayer again.

The shear force versus normal force profiles (Fs vs. Fn) between POPC-POPE bilayers are
presented in Fig. 4b, and the shear force versus separation distance (Fs vs. D) profiles are inset to
Fig. 4b. Before adding calcium, the shear forces are very low (at noise level) prior to hemifusion,
while a significant increase is observed when hemifusion takes place. Following total expulsion of
the lipid, the shear force increases abruptly and the two surfaces become rigidly coupled over the
range of lateral motion applied to the top surface (so that sliding friction cannot be measured).
Adding calcium can induce slightly higher shear forces prior to hemifusion, with friction
coefficients in the range 0.004 < <0.0001, possibly due to weak bridging of the exposed
phosphocholine groups by the Ca** ions, while hemifusion induces a clear increase in the friction
forces, indicated by arrows with dashed lines in Fig. 4b. Compared with a previously reported
POPC-DPPC mixture (4:1, molar ratio) where “rigid-coupling” was observed upon hemifusion?8, it

is seen that DPPC adheres more strongly than POPE to the negatively charged substrate. The most
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significant result here is the large increase in resistance to hemifusion (and its associated friction-

increase) afforded by the presence of calcium ions, to which we return later.

L5 mixture: DPPC-POPC-DOPC-POPE-Egg SM (1:1:1:1:1, molar ratio)

The second system is composed of five zwitterionic PLs with different headgroup structures and
unsaturation of the tails; DPPC, Egg SM, and POPE are in their gel-state, while POPC and DOPC
are in the fluid (liquid crystalline)-state (Table S1). Addition of calcium causes no vesicle
aggregation, while zeta potential values indicate that Ca** neutralizes the (slightly) negative SUV

surface (Table 1).

AFM scans (Fig. 2d) together with the separation distance when two surfaces were in contact (Fig.
4¢) indicate that vesicles of the 5-component mixture form flat bilayers with phase-separated
domains (dimensions of order 10 — 100 nanometers) distributed irregularly on the bilayer. Egg SM
and saturated long-chain PC lipids can form gel-state domains by tight alkyl chain packing and
therefore are phase-separated from fluid phase composed of unsaturated PC lipids, similarly to
“rafts” on biological membranes*’. The hybrid POPC, with one saturated and one unsaturated tail,
preferentially accumulates at the interface between the gel and liquid-crystalline phases, reducing
the packing incompatibility and line tension between the two phases, further stabilizing small
domains in the bilayer® 4°, After introducing 2 mM Ca(NOs)2, larger phase-separated domains
appear on the bilayer — possibly because calcium binds laterally more strongly to Egg SM and
DPPC than to POPC and DOPC*, while the height of the patches is ca. 0.8 nm higher than the
surroundings (Fig. 2f), attributed to the height difference between bilayers in gel and liquid-

crystalline states®.
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Normal force profiles and friction vs. load behavior between layers for the L5 system are shown in

Figs. 4c and 4d, respectively, where the friction is measured from traces such as in Fig. 3d.

Normal force profiles (Fig. 4c) show a similar trend to the L2 mixture (Fig. 4a). No significant
repulsion is observed until two bilayers are in close contact at D ca. 13 nm; on increasing load
before and after adding calcium, the bilayer thickness reaches a “hard-wall” at 10.4 + 0.8 and 8.9 +
0.8 nm, respectively, while following hemifusion, D decreases to 5.1 + 1.1 and 4.6 £ 0.8 nm
respectively. Even more marked than before, adding calcium to the system strongly increases the
critical normal load triggering hemifusion from 15.6 £ 11.6 to 831.0 £ 122.3 mN/m in Fig. 4d,

again equivalent to pressures of some MPa.

Prior to hemifusion, the friction is extremely low (at shear-trace noise levels) with p = 10 both
before and after adding 2 mM calcium (Fig. 4d). Immediately following hemifusion in the absence
of calcium, p increases ca. 50-fold (to p = 5x10%). At the much higher loads and pressures leading
to hemifusion in the presence of 2 mM calcium, we observed a “rigid-coupling” of two surfaces,
indicating that the sliding friction exceeds the range applied shear force (Fs > 300 uN),

corresponding to p > ca. 3x1072,

L8 mixture: DPPC:POPC:DOPC:POPE:Egg SM:O-LPC:Chol:DPPA (1:1:1:1:1:1:1:0.1,

molar ratio)

16



The third system consists of essentially all the major PL groups identified in synovial joints, at
roughly their proportions as measured on articular cartilage surfaces?t, though it is not possible to
include all the different lipids identified. Besides the 5-PL species in L2, a lyso-PC (O-LPC),
cholesterol (chol), and a negatively charged PL (DPPA, 1.2 mol%) are also included in this system.
Lyso-PC, with a conical configuration (positive curvature), is more likely to assemble in the outer
leaflet of vesicles, and inhibits membrane fusion®. Chol is ubiquitous in PL membranes, acting as
lateral spacers between the hydrophobic tails, and modulating their properties®. It is also found in
synovial fluid®3, has an affinity to different PLs in the decreasing order SM > PC > PE, and it also
preferentially interacts with saturated PCs over unsaturated ones, which facilitates their lateral
segregation®* %%, Adding chol to single-component PCs promotes bilayer hemifusion'®. The gel-
state negatively-charged PL, DPPA, not only brings negative charges to the gel-state patches but
also shows particularly strong interaction with cations, particularly multi-valent cations, such as
Ca**>’. We emphasize however, as considered further in the Discussion, that although all these lipid
types are found in joints, it is not known whether they comprise part of the lubricating boundary

layers on articulating cartilage in vivo.

DLS measurements (Table 1) show that the L8 vesicles are monodispersed and somewhat
negatively charged. Adding calcium induces aggregation of liposomes, revealed by multiple peaks
with larger sizes and a higher polydispersity (Fig. S3), as well as a slight reduction in the ¢-
potential. On adsorption to mica (likely via dipole-charge interactions between the zwitterionic
headgroups and the negatively-charged substrate), the liposomes rupture and form a planar layer
with round phase-separated domains with diameter in the range of tens of nanometers (Fig. 29).

After adding 2 mM Ca(NO:s)z2, larger phase-separated gel-state patches are observed, and the height

17



of these domains are ca. 1-2 nm higher than the surroundings (Figs. 2h and 2i). This may arise from
calcium binding strongly to adjacent anionic PLs, thus promoting a tighter packing of alkyl chain in
the membrane and a thicker hydrophobic region (“condensing effect”)®® 8, Force profiles for the L8

mixture are shown in Figs. 4e and 4f.

The normal force profiles in Fig. 4e show that monotonic repulsion (> 0.05 mN/m) between the L8
layers starts at larger surface separations (50 £ 10 nm) than was the case for L2 and L5, and may be
attributed to loosely-trapped vesicles between the surface-attached bilayers. This is consistent with
the profile shape which suggests rapid squeezing out of the loosely-attached liposomes at relatively
low normal loads (ca. 10 mN/m). As Fn/R increases beyond ca. 10 mN/m the surfaces approach to
separation D ~ 10 nm characteristic of a bilayer on each surface, and approach further slightly as
normal load increases, until hemifusion occurs. As for L2 and L5, hemifusion of the compressed L8
bilayers is strongly suppressed and moved to higher pressures by the presence of calcium. Thus,
hemifusion is observed at critical normal loads 48.5 + 34.6 (in the range of 19.1 — 157.1) mN/m and
384.8 + 111.5 (in the range of 241.3 — 610.1) mN/m before and after adding 2 mM calcium salt,

while D decreases from 8.1 + 0.8 and 7.0 £ 1.1 nmto 2.6 + 0.5 and 3.1 = 0.4 nm, respectively.

The measured friction (Fig. 4f) prior to hemifusion is also quite low, with friction coefficients x =
10 up to mean contact pressure (0.6 — 3.0 MPa). Most of the critical loads (and thus contact
pressures, see below) at hemifusion are somewhat lower than for the L2 and L5 mixtures, so that
addition of cholesterol, lysoPC, and the anionic DPPA is seen to promote hemifusion relative to

these other mixtures. In the presence of 2 mM calcium, friction increases strongly upon hemifusion
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so that the two surfaces become rigidly coupled on lateral motion of the top one (corresponding in

this case to Y > ca. 0.07), similar to the observation for the L5 layers.

Discussion and conclusions

The main findings of this work concern the synergy that may arise (see Introduction) using
multicomponent lipid mixtures as lubricating boundary layers at the monovalent and divalent salt
concentrations typical of physiological conditions in joints. In particular, use of the 5-component
lipid mixture L5 leads to a lubricating layer which is significantly more robust to loading and shear
than either the 2-component L2 or the 8-component L8 mixtures. This result, discussed below, is
both unexpected and strongly suggestive, shedding light on the possible origin of the proliferation
of lipid-types in joints from the view-point of cartilage lubrication. To appreciate this, it is
instructive first to consider the effect of the presence of calcium on the interactions between the

lipid- coated surfaces.

Effect of Calcium

Calcium ions are naturally present in joints at the 2 mM level®, as in this study; the present
measurements, both with and without added calcium salt, reveal directly its effect on lipid-based
lubricating boundary layers, attributed to underlie the very low friction of articular cartilage® 2 *°,
The effect of the Ca** ions on the interaction of the lipid mixture bilayers with the negatively-
charged substrate (mica) is relevant, recalling that the in-vivo articular cartilage - while complex
and very different to mica - is net negatively charged®® ¢ Likewise hyaluronan, attached at the

cartilage surface, which has been proposed to complex with lipids to form its lubricating boundary
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layer 2, is also negatively charged. Thus, the lipid mixtures in our experiments are exposed to a
similarly net-negatively-charged substrate as lipids in synovial joints, and one might expect that

their interaction with it would be similarly affected by divalent cations.

Intuitively, one might have expected that the anionic divalent ions would bridge the opposing lipid
layers through adhesive dipole-charge or charge-charge interactions. Indeed, the aggregation
induced by Ca** ions for vesicles of the L8 mixture (Table 1) indicates that such bridging occurs
between the negatively-charged DPPA headgroups. Adhesive bridging might be expected to
increase frictional dissipation as the surfaces slide, due to hysteretic bond breakage and
reformation®?. In contrast to this, our results reveal the opposite, counterintuitive effect of added
physiological-level concentrations of calcium for all three mixtures studied, i.e., is that it actually
improves the lubrication, by suppressing the hemifusion of opposing bilayers up to much higher
loads than is the case in the absence of such ions. This renders the bilayers more robust to loading
and shear and maintains the low-dissipation slip-plane between the hydrated PL headgroups to
higher pressures. It thus suppresses the higher friction expected were slip to occur at (hydrophobic)

tail-tail or bilayer-substrate interface following hemifusion.

To understand this suppression, consider that hemifusion is initiated when the stresses applied to
interacting lipid bilayers deform them laterally, and, if there are defects or PL height mismatch in
the bilayers, hydrophobic tails are exposed and van der Waals attraction between opposing
hydrophobic tails could trigger hemifusion®. Thus we attribute the hemifusion suppression to the
fact that the added calcium increases the intra-layer cohesion by bridging adjacent zwitterionic

phosphocholine, leading also to a higher areal density of the lipids®’. This increased cohesion

20



implies that larger loads/pressures are then needed to induce hemifusion. Our findings that Ca**
ions suppress hemifusion differ from a previous report that physiological level calcium promotes
hemifusion of supported PL membranes®2. The difference arises because in the previous study an
asymmetric bilayer was used, where the lower leaflet rigidly anchored the outer, negatively-
charged, mixed-lipid leaflet to the substrate, and the Ca** ions bridged the two bilayers strongly to
induce hemifusion. This contrasts with our study where calcium ions strengthened the much weaker
bilayer/substrate interaction, while their intra-layer interactions within the essentially-neutral upper

leaflets, enhanced by Ca** as described above, rendered them more robust against hemifusion.

Lipid synergy in articular cartilage lubrication

The central question that this study addresses, as posed in the Introduction, is whether the presence
of many different lipid types in synovial joints could, apart from any other biological roles that they
play, lead to synergy in the boundary lubrication of articular cartilage. In other words, could the
presence of a particular mix of lipids in the boundary-layer coating the cartilage, composed of those
lipids present in the joint, result in optimal lubrication, in the sense of lower friction up to the
highest (physiological) contact pressures? To answer this question comprehensively would require
the examination of an impractically-large number of different combinations both of lipid classes
(PC, PE, SM, cholesterol, etc.) and variations within each class (e.qg. tail lengths, degree of
unsaturation, etc.). Our purpose here however is not to identify such an optimal mix of lipids in the
boundary layer, but to establish whether, based on our results above, together with earlier work, and
the consideration of the role of calcium present in joints, such synergy is possible based on lipids
that have been identified in synovial joints. This is indeed directly shown by our observations on

lubrication by boundary layers of the L2, L5, and L8 lipid mixtures: in Fig. 5 we summarize the
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critical loads at hemifusion with boundary layers of these three different mixtures. We plot the
critical loads rather than the estimated pressures at hemi-fusion, since the former are accurately
measured while the latter are estimated, with relatively large errors as described earlier. Moreover,
since our experimental configurations — mica curvature and effective glue-layer modulus - are
similar for all the SFB experiments, we expect the critical loads to correspond closely to the critical
contact stresses at hemifusion, which normalizes the results of our measurements to macroscopic

contacts.
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Figure 5. Normalized forces at the critical loads for hemifusion in the presence of physiological-level
calcium for the three systems. Data are presented as box plots, whereas each box shows the
interquartile range and the line inside represents the median. ** p <0.01, **** p <0.0001. Statistical

analysis (unpaired t test) was performed using GraphPad Prism.

As seen clearly in Fig. 5, the boundary layers composed of the L5 mixture, comprising DPPC,
POPC, DOPC, POPE, and Egg SM in equimolar concentrations, can provide low friction (u < 104)

prior to hemifusion at mean critical loads that are some 50% and 100% higher than with boundary
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layers composed of the L2 or L8 mixtures respectively. Thus a clear synergy arising from the
multiplicity of lipids is achieved in this case. This superior lubrication ability of L5 arises by adding
to the L2 mixture (POPC and POPE) the additional lipids DPPC, DOPC, and Egg SM. The mere
addition of more different lipid types is not in itself the origin of the better lubrication, as seen for
L8 where the components of L5 are further augmented by other lipid types found in synovial joints,
but where the lubrication is very significantly inferior to that of L5 as seen in Fig. 5. Our point is
not that L5 represents the actual composition of lubricating boundary layers on articular cartilage,
nor even that it is the best possible combination of the lipids used in the present study (Fig. S1 and
Table S1) for forming lubricating boundary layers. Rather, the fact that a particular combination of
lipids that are present in synovial joints, as in L5, provides superior lubrication — in the sense of a
lubricating layer that is more robust to pressure and shear - than other combinations, is an
unequivocal proof-of-concept that the proliferation of lipids in joints may indeed provide

lubrication synergy.

We are now in a position to consider why the lubrication provided by the L5 boundary layers is
superior to that of the L2 or L8 boundary layers. The three additional lipids in L5 relative to L2,
DPPC, DOPC, and Egg SM, all have highly hydrated phosphocholine headgroups (more highly-
hydrated than the phospho-ethanolamine headgroup of POPE®?), contributing to their efficient
friction-reducing ability®® 1%, while the high Tm of DPPC and Egg SM (Table S1) may contribute to
the layer robustness. Such an explanation appears too simplistic, however, since it is not obvious
that in a multi-lipid layer the lipid properties are simply additive. It is also clear, by examining the
results for boundary layers composed of L8 (Figs. 4e and 4f), whose boundary lubrication is inferior

to both L5 and L2, that merely increasing the number of lipids comprising a boundary layer does
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not necessarily improve its lubricating properties. Rather, the presence of the negatively-charged

DPPA in L8 may lead to the bilayer hemi-fusion at lower loads (relative to L2 and L5), due to

bridging by Ca*™* ions, and suggests that DPPA, despite its presence in synovial joints, may not be a

significant component of the lubricating boundary layers on cartilage. At the same time, negative

charges in the boundary layers may have the positive attribute of enabling Ca** bridging to the

negatively-charged cartilage surface®® (which may also expose negatively-charged HA), thereby

enhancing their adhesion to the substrate. Indeed, it is possible to imagine both “pros” and “cons”

for each of the lipids used in this study, as briefly indicated in Table 2.

Table 2. Brief summary of some lubrication attributes of main lipid types used in this study, and

their “pros” and “cons” with respect to boundary lubrication by lipid layers.

Lipid

[13 Pros”

“Cons”

Gel-state saturated PCs
(e.g. DPPC)

Highly hydrated headgroups'?, robust
bilayers, strong interaction with
divalent cations and consequent
stronger attachment to negatively
charged substrates®

High friction following
hemifusion!8, slow to heal
following damage®

Liquid-state (unsaturated) PCs
(e.g. POPC, DOPC)

Highly hydrated headgroups??, heal
rapidly following damage®® %8, low
friction on negatively-charged
substrate following hemifusion®’

Less robust bilayers; weaker
attachment to negatively
charged substrates®’

Unsaturated PEs
(e.g. POPE)

Stronger intra-layer headgroup
interaction**, resisting hemifusion®®

Weaker headgroup hydration,
non-lamellar-forming lipid®3,
slow to heal following damage®

Sphingomyelins

Stronger intra-layer headgroup
interaction resisting hemifusion?,
highly hydrated headgroups®’

Likely to induce phase-
separation with liquid-state PC
lipids3!

Negatively charged PLs
(e.g. DPPA)

Charge promotes binding to
negatively-charged substrate via Ca**
bridging®

Less highly hydrated®®

Single tailed lipids
(e.g. O-LPC)

Enhance the surface hydration of a
PL bilayer™

Non-lamellar forming lipid by
itself’t
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Increases bilayer strength of fluid Poorly hydrated by itself,
Cholesterol state lipids (such as unsaturated promotes hemifusion of PC
lipids)®® bilayers'®

A lipid-exposing lubricating boundary layer in synovial joints would then ideally possess the
following attributes: the lipids would be strongly attached to the articular cartilage surface or
complexed with HA molecules attached at that surface, to provide structural stability; they would
form robust layers exposing highly-hydrated headgroups at the outer surface of the boundary layer,
to provide low friction via the hydration lubrication mechanism; it would resist hemifusion when
compressed at physiological pressures against a similar opposing layer; and it would possess rapid
self-healing properties in case of any damage and wear (inevitable in any system where surfaces rub
against each other). It can be seen from the above discussion and Table 2 that a suitable
combination of lipids that are found in synovial joints (Fig. 3a and Table S1) can in principle
address these requirements. Although, as noted, one cannot assume a simple additivity of properties
in such a combination, our results — as summarized in Fig. 5 — show that L5 possesses these
attributes significantly more than L2 and very significantly more than L8. But could this behaviour
have been a priori predicted? We think this is doubtful: it is not possible to combine or add
properties of single-lipid bilayers to predict the lubrication behaviour of a multi-lipid mixture in a

persuasive manner.

In view of the complexity of property-additivity and the consequent difficulty of heuristically-
identifying optimal combinations based just on their single-lipid properties as in Table 2, we
propose a different approach to get insight into lipid mixtures that may have better boundary

lubrication properties. This relies on molecular dynamics (MD) to probe both hemifusion and

25



frictional properties of bilayers consisting of different mixtures. Here we provide a proof of concept
of such a scheme. Very recently we used MD to evaluate friction between two (single component)
POPC lipid bilayers sliding past each other’>"3, both in the absence and presence of transverse
electric fields across them, and this approach can readily be extended also to friction between
bilayers consisting of lipid mixtures as in the present study. For probing the likelihood of
hemifusion of bilayers, a different approach is used. A well-known indicator of impending
hemifusion is the formation of a stalk structure between interacting membranes (i.e. lipid
bilayers)’#7®, as schamtically shown in fig. 6C below. The development of such a stalk structure
may be monitored graphically, and its likelihood may be gauged by evaluating the potential of mean
force (PMF) at different values of the reaction coordinate &ch corresponding to different stages of
the stalk formation”®, with higher potentials corresponding to a lower likelihood of hemifusion. As
proof of concept that this may yield insight into the lubrication properties of lipid mixture bilayers,
we carried out such an MD simulation for the L2 and L5 lipid mixtures in this study, using the same
MD protocols as in ref.”#, with hydration levels nw = either 5 or 12 water molecules/lipid, which
respectively represent the critical hydration level for hemifusion and the full hydration level. The
results are presented in fig. 6. Fig. 6D shows that the PMF for the L5 mixture is significantly higher
than for the L2 mixture, i.e. it predicts clearly that L5 better resists hemifusion than L2. This
prediction arising from the MD calculations is exactly what the experimental SFB results show, as
summarized in fig. 5: it could not have been predicted a priori based simply on qualitative
properties of the single lipid bilayers as described in Table 2. This proof-of-concept demonstration
thus strongly supports the notion that MD may be a powerful tool in gaining insight into nature’s

multi-lipid synergy in boundary lubrication of cartilage.
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Figure 6. MD simulations of stalk formation in L2 and L5 mixtures. (A) and (B) illustrate

graphically the stalk formation in the two mixtures at hydration levels nw = 5 water molecules per

lipid. (A) Left: magenta: water; cyan: acyl tails; gold: phosphate; blue: choline headgroup; pink:

glycerol moieties. Right (acyl tails only): grey: POPC; green POPE. (B) Left: magenta: water;

cyan: acyl tails; gold: phosphate; Blue: choline headgroup; pink: glycerol moieties. Right (acyl tails

only): grey: SM (egg sphingomyeline); pink: POPC; green DPPC; white: DOPC; cyan: POPE. (C)

Schematically showing how two interacting bilayers undergo hemifusion via intermediate stalk

formation. (D) The potential of mean force (PMF) for L2 and L5 plotted as a function of the

reaction coordinate Ech (extent of stalk formation). Both nw = 5 and nw = 12 hydration levels are

shown.
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To conclude: we have shown that mixtures of lipids present in synovial joints may form boundary
layers that possess excellent lubrication properties — comparable with those of healthy joints up to
physiological pressures — while at the same time they may combine desirable features of their
different components. By revealing that particular combinations of these lipids (e.g. L5) can be
significantly superior as lubricating layers compared to other combinations with either more (L8) or
fewer (L2) components, we unambiguously demonstrate the possibility of multi-lipid synergy.
While we don’t claim to have identified the optimal composition of such a layer, it is nonetheless
clear from our results on a limited sample of synovial joint lipids that such an optimal composition
is possible. This goes some way towards accounting for the proliferation of different lipid types in
healthy synovial joints: purely from a lubrication point of view, essential for joint homeostasis, such
a proliferation is clearly beneficial. Importantly, we were able to show, in a proof-of-concept
demonstration, that molecular dynamics simulations are able to predict the relative robustness
against hemifusion of different lipid mixtures (specifically, that L5 is less likely to hemifuse than
L2, and that it is thus a better boundary lubricant at higher pressures, which was indeed one of our
key observations). In the light of recent suggestions? that intra-articularly (1A) injected liposomes
may serve to augment or repair the body’s natural biolubrication mechanisms at the articular
cartilage surface, our results may also point how to identify and implement optimal liposome

compositions for such 1A administration.
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