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ABSTRACT: To
understand the relevance of this HA size effect for joint lubrication, the friction and surface structure of cartilage-emulating surfaces
with HA of different MWs were studied using a surface force balance (SFB) and atomic force microscopy (AFM). Gelatin (gel)-
covered mica surfaces were coated with high-MW HA (HHA), medium-MW HA (MHA), or low-MW HA (LHA), and lipids of
hydrogenated soy L-a-phosphatidylcholine (HSPC) in the form of small unilamellar vesicles, using a layer-by-layer assembly method.
SEB results indicate that the gel- HHA-HSPC boundary layer provides very efficient lubrication, attributed to hydration lubrication at

the phosphocholine headgroups exposed by the HA-attached lipids, with friction coefficients (COF) as low as 1073—10"* at contact
stresses at least up to P = 120 atm. However, for the
This higher friction with the shorter chains may be due to

their weaker total adhesion energy to the gelatin, where the attraction between the negatively charged HA and the weakly positively
charged gelatin is attributed largely to counterion-release entropy. Thus,

This is ultimately the reason for lower-pressure lubrication breakdown with the shorter polysaccharides.
Ol i ool it i iy . T R

and may have relevance for treatments of osteoarthritis involving intra-articular

HA injections.

1. INTRODUCTION viscosupplementation, there is still debate on whether it is
significantly better than placebo.”'”'*"* Indeed, the precise
mechanistic role of HA in maintaining the health and effective
lubrication of synovial joint is still not fully understood,®**
since HA solutions at the shear rates between cartilage surfaces
in joints have viscosity close to water,'”'® while boundary
layers of HA on its own cannot provide the necessary
lubrication to the healthy joints under high pressure, regardless

Healthy articular cartilage is a self-lubricating system with
extremely low friction coefficients (COF), as low as 107> even
at pressures up to 100 atm."” Compared to healthy joints,
osteoarthritic (OA) joints exhibit degraded articular cartilage,
which may be associated with breakdown in lubrication, and
reveal a decrease in the molecular weight (MW) of hyaluronic
acid (HA), a polysaccharide ubiquitous in cartilage and in the
surrounding synovial fluid.*~> It is of interest therefore to

examine the effect of HA MW on the lubrication of articular Received: August 2, 2020
cartilage in synovial joints. Revised:  September 12, 2020
One method that has been used to overcome the shortage of Published: September 15, 2020

HA in OA joints is its replenishment via intra-articular
injection of high-MW HA (HHA), known as viscosupple-
mentation.”~"" In spite of the wide application of the HHA in
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of their MW.'”2° Thus, it has been suggested that instead of
working directly as a lubricant, HA is potentially interacting
with other components in the cartilage to form supramolecular
boundary layers, which in turn mediate the lubrication.”' >
The increasing friction in OA joints may then be correlated
with the different molecular interactions of lower-molecular-
weight HA with other components in the synovial joints.
Single-molecule microscopy reveals that the diffusion coef-
ficient of HA in healthy synovial fluid was on average 30%
slower than expected by sample viscosity, suggesting that HA
undergoes intermolecular interactions in healthy joints.
However, these interactions were diminished or missing in
samples from patients with osteoarthritis.”” Other studies also
suggest specific interactions of HA with other synovial joint
macromolecules, some—though not all—of which depend on
the HA MW."® This suggests that HAs of different MWs may
interact differently with other components in synovial joints,
especially the surface-active phospholipids,”*~>* which are key
bio-lubricants that, in the form of boundary layers, can provide
both low friction (COF 107°—107*) and high load-bearing
capacity (contact stresses ca. 100—150 atm) comparable to
healthy cartilage.”* ™’

Other studies directly revealed the synergistic interaction of
HA with r-a-phosphatidylcholine (PC) lipids in the context of
boundary lubrication. Seror et al.*’ demonstrated that a
boundary layer consisting of surface-attached HA together with
dipalmitoylphosphatidylcholine (DPPC) liposomes could
provide extremely efficient lubrication (COF ca. 107°) up to
contact stresses P > 100 atm. Later, Zhu and co-workers*'
extended this work to three kinds of PC lipids (hydrogenated
soy L-a-phosphatidylcholine (HSPC) (C4(15%),C,5(85%)),
1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC)
((Ci)y), and 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocho-
line (POPC) (Cys Cig.1)). This work revealed that POPC
and DMPC form less robust complexes with the surface-
attached HA layer and provided good lubrication (COF down
to 10— 4 x 1073) only at low pressures up to 10—20 atm,
while the HSPC remains as robust liposomes on the HA layer,
thus reducing COF to the order of 10> even at pressures up to
150 atm. This implies that the lubrication closely depends on
the molecular interactions of the different liposomes with the
HA as well as on the integrity of the different lipid assemblies.
Sorkin and co-workers®” showed that POPC and DMPC on
bare mica show good lubrication when measured in their
dispersion, while Zhu et al. demonstrated the poor lubrication
between two opposing surfaces with POPC and DMPC on
mica-HA layer in a rinsed system, i.e., no reservoir of lipids in
the surrounding medium. This revealed the importance of lipid
availability from a surrounding reservoir to maintain the
integrity of such liquid-disordered-phase PC lipid layers, and
may hint at the importance of lipids in synovial fluid acting as
such a reservoir also for PC-based boundary layers on articular
cartilage.

In the present study, we aimed to get deeper insights into
the effect of the MW of HA on the lubrication by lipids of
surfaces, which are coated by known components of the
articular cartilage surface, using a surface force balance (SFB),
and to reveal the underlying mechanism by analyzing the
structure by atomic force microscopy (AFM). The surface is
made by coating with gelatin, different-MW HA, and HSPC
liposomes, using layer-by-layer assembly. Gelatin, which is the
denatured form of collagen I, is spin-coated on atomically
smooth mica surfaces to approximate an articular cartilage
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surface. Gelatin is used even though collagen II is known to be
dominant in articular cartilage (especially at its surface), mainly
because of its better solubility and easy access. HA of different
MWs is then adsorbed on the gelatin layer, followed by HSPC
in the form of single unilamellar vesicles (SUVs). We designate
this surface complex, whose components (collagen, HA, and
lipids) are known to be present at articular cartilage surfaces,”"
a “cartilage-emulating” surface. Three kinds of HA molecules
have been used: high-molecular-weight HA (HHA) corre-
sponding to healthy synovial joints,"”” medium-molecular-
weight HA (MHA), and low-molecular-weight HA (LHA)
corresponding to osteoarthritic joints.”>** Results indicate that
the mica-gel HHA-HSPC surface boundary complex provides
very efficient lubrication, with friction coefficients as low as
107°—107* even at pressures up to P = 120 atm, while for the
surface complexes with MHA or with LHA, lubrication is good
only at lower pressures (up to 30—S0 atm). Hydration
lubrication by exposed, highly hydrated phosphocholine
groups is active in all three cases; the more effective lubrication
by the mica-gel- HHA-HSPC boundary complexes may be
attributed to more effective binding of the HHA-HSPC SUV
complexes on the gelatin-coated surface. Likewise, the failure
of lubrication at higher pressures by the mica-gel- MHA-HSPC
and mica-gel-LHA-HSPC surface complexes can be attributed
to the weaker attachment of the shorter HAs to the gelatin,
resulting in their removal—together with the lubricating PC
lipids attached to them—by the sliding friction.

2. MATERIALS AND METHODS

2.1. Materials. Gelatin (“gel”) from porcine skin was purchased
from Sigma-Aldrich (CAS 9000—70—8). Hyaluronic acid of three
different nominal molecular weights was obtained from Lifecore
Biomedical LLC (Chaska, MN), together with detailed molecular-
weight averages for each sample (Supporting Information, SI). For the
low-molecular-weight HA (LHA), we have M,, = 3.53 X 10* Da and
M, /M, = 1.32; for the medium-molecular-weight HA, MHA, M,, =
2.40 X 10° Da and M, /M, = 1.42; and for the high-molecular-weight
HA, (HHA), M,, = 1.80 X 10° Da and M,,/M, = 1.02, all taken from
the manufacturer’s data provided for these samples based on size
exclusion chromatography. Hydrogenated soy L-a-phosphatidylcho-
line (HSPC), with acyl tail contents of approximately 15% C,4, and
85% Cg,00 MW = 762.10 g/mol, >99% purity, and main gel-to-liquid
transition temperature T, = 53 °C, was purchased from Lipoid
(Ludwigshafen, Germany).

2.2. Liposome Preparation. HSPC SUVs were prepared
following standard approaches.** Briefly, multilamellar vesicles
(MLVs) of HSPC were prepared by dispersing the HSPC lipids in
water and bath sonicating for 15 min at 65 °C. Then, the MLVs were
progressively downsized using an extruder (Northern lipid, Inc,
Burnaby, BC, Canada) through polycarbonate filters with defined
pore sizes starting with 400 nm (S cycles) and 200 nm (8 cycles) and
ending with S0 nm (10 cycles). The size of the SUVs prepared was
measured by dynamic light scattering (DLS) using a Zetasizer Nano-
ZS instrument (Malvern Instruments, Malvern, U.K.). The average
diameter of HSPC SUVs is 70 + 10 nm. Water used in all
experiments, for both the liposome preparation and the subsequent
measurements, was Milli-Q water of resistivity 18.2 MQ-cm
(designated pure or conductivity water).

2.3. Preparation of Cartilage-Emulating Surfaces. 2.3.1. Spin
Coating of Gelatin on Mica Surface (Mica-Gel Surface). Gelatin is
dissolved in conductivity water at 1.0 mg/mL. The solutions were
stirred for 2 h upon heating to 50 °C. Freshly cleaved mica was first
spin-coated with one drop of the gelatin solution for 30 s at 1500 rpm
and rinsed by water several times before SFB experiments.

2.3.2. Adsorption of HA Molecules of Different MWs on Gel-
Coated Mica. Hyaluronic acid of different MWs (LHA, MHA, and
HHA) was dissolved in pure water at 0.10 mg/mL, respectively, and
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the solutions were stirred overnight before use. Then, the mica-gel
surface is dipped in a 0.10 mg/mL HA solution. After overnight
incubation, the excess HA molecules on the surfaces were rinsed in a
beaker containing 200 mL of water. The obtained surfaces were
abbreviated as mica-gel-LHA, mica-gel-MHA, and mica-gel- HHA
corresponding to the different HA MWs.

2.3.3. Liposome-Coated Mica-Gel-HA Surfaces. The mica-gel- HA
surfaces were immersed overnight in the HSPC SUVs dispersion
added to the SFB bath, and the subsequent SFB experiments were
carried out in the HSPC dispersions. The obtained surfaces were
abbreviated as mica-gel-LHA-HSPC, mica-gel-MHA-HSPC, and
mica-gel-HHA-HSPC corresponding to the different HA MWs.

2.4. Atomic Force Microscopy (AFM). The samples were
prepared by freezing the mica-gel or mica-gel-HA and mica-gel-HA-
HSPC surfaces in a Petri dish precooled by liquid nitrogen to help
retention and imaging of the surface microstructures.”*® Immediately
afterward, the frozen sample was lyophilized under vacuum overnight
to allow complete drying. Imaging of surfaces was carried out with an
atomic force microscope (MFP-3D SA, Oxford Instruments Asylum
Research, Inc., Santa Barbara). Scanning in tapping mode in air was
done using an Olympus-AC240TS cantilever with a spring constant of
2 N/m.

2.5. Surface ¢-Potential (SZP). A Malvern Zetasizer Nano-ZS
model ZEN 1020 instrument equipped with a commercial dip cell
attachment was used to measure the SZP of these surfaces coated by
gelatin, HA, or HSPC liposomes at 25 °C. Detailed descriptions about
this method have been described in refs 47—49. Briefly, mica surfaces
(3.5 X 5 mm?), which fit the dimensions of the surface {-cell sample
holder, were coated with gel, HA, and HSPC SUVs following the
same procedures as described in Section 2.3. After that, the prepared
surfaces were attached to the sample holder by epoxy (Araldite) and
were rinsed by about S mL of pure water prior to being placed into
the measuring cell containing tracer particle solutions (a standard
sterically stabilized polystyrene latex (DTS 1235) was used when
studying the SZP of mica-gel-HA surfaces). Gelatin and HSPC SUV
solutions were used as tracer particles when studying the surface -
potential of mica-gel and mica-gel- HA-HSPC surfaces, respectively.
The apparent mobility of the tracer particles was measured at different
displacements of 125, 250, 375, and 500 #m from the sample surface,
using the slow field reversal mode. Then, the SZP is calculated by SZP
—intercept + (i,cen Where (... is the (-potential of the tracer
particle (determined at a distance far from the surface, 1000 ym in the
present case) and the “intercept” on the y-axis is obtained by the
linear extrapolation of the obtained mobilities for the particles at
various distances. Each measurement has been repeated at least three
times.

2.6. Surface Force Balance (SFB) Measurement Procedure.
Normal and lateral force profiles were measured using the SFB
between the two atomically smooth mica surfaces, as described in
detail elsewhere.*® All experiments were carried out according to the
following procedure: after mounting back-silvered mica sheets in the
SFB, the air-contact positions (zero-position) of the interference
fringes of equal chromatic order (FECO) were measured. Then, the
SFB was replaced in the laminar hood and the lenses were transferred
into clean conical flasks and taken into a clean room for the spin-
coating procedures, as described in Section 2.3.1. Then the mica-gel-
coated lenses were remounted in the SFB and force measurements
were carried out. Following this, the lenses were taken out and
incubated overnight in 0.10 mg/mL LHA, MHA, or HHA solution to
enable adsorption of the HA onto the gelatin surfaces and then rinsed
to remove HA excess. The mica-gel-HA surfaces were then rapidly
remounted in the SFB while ensuring they remained wet throughout,
and force measurements were carried out in water. After studying the
mica-gelatin-HA interactions across liposome-free water, the SFB boat
was refilled with 0.30 mM HSPC SUVs dispersions and incubated
overnight; then, the force measurements were conducted in the
HSPC SUVs dispersions. The normal forces (F,) and shear forces
(F,), respectively, between mica-gel surfaces (without HA) in HSPC
SUVs dispersion were also studied by SFB as a control experiment.
The mica surface preparation and addition of water or HSPC SUVs
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solution to the SFB were carried out in a laminar hood to avoid
contamination, while the force experiments were carried out as usual
in a temperature-stabilized room (25 + 0.2 °C). An important feature
of the SFB is that the interferometric method determines the absolute
value of the surface separation D (unlike scanning probe methods
such as AFM) and thus enables deeper insight into the nature of the
surface assemblies and how they may be changed by the interactions
themselves. The mean pressure P between the compressed mica
surfaces may also be evaluated as the normal force divided by the
contact area, P = F,/A. When there is a measurable flattening of the
mica surfaces caused by the compression of the glue supporting the
mica sheets, the contact area was calculated as A = 7%, where r is the
mean radius of the circular or elliptical contact, measured from the
flattening of the interference fringes. When the applied load is
relatively low and the flattening is too low to measure accurately, the
Hertz relation was used to evaluate the contact radius r, where r =
(F,R/K)Y3, in which K is the effective elastic modulus of the mica/
glue combination and has been measured separately as K = (S + 2) X
10° N/m*.

3. RESULTS AND DISCUSSION

Control measurements were carried out on the interacting
surfaces at every stage of their progressive coating by gelatin,
HA, and liposomes, enabling a stage-by-stage examination of
the interactions of each intermediate layer including mica-gel,
mica-gel-HA, and finally mica-gel- HA-HSPC. Results shown
are based on at least five independent experiments, with at least
two for each set of conditions (including several independent
contact points within each experiment).

3.1. Mica-Gelatin Surface Shows Poor Lubrication.
The first stage in assembling the cartilage-emulating surface is
the formation and characterization of the gelatin layer. A
typical AFM height image of the lyophilized gelatin on a
freshly cleaved mica test surface (Section 2.3) shown in Figure
la indicates a layer with a root-mean-square (rms) roughness
of ca. 1.7 nm.

Following gluing of mica sheets on the lenses and their air-
contact calibration in the SFB, they were similarly spin-coated
with gel, and the normal and shear interactions between the
two mica-gel surfaces across conductivity water were
determined, as shown in Figure 1. Normalized force profiles
F,/R, where F, is the normal force and R is the mean radius of
curvature of the surfaces, were measured between two
opposing gelatin-coated mica surfaces as a function of their
closest separation D using the SFB. Profiles are shown in
Figure 1b (normal force profiles are throughout normalized as
F,/R vs D, where R is the mean radius of curvature of the
surfaces, which in the Derjaguin approximation is the surface
interaction energy per unit area of flat parallel surfaces obeying
the same force—distance law F,(D)).”' The two interacting
gelatin-coated surfaces come into contact at a “hard wall”
separation (ie., the limiting separation at the highest loads
applied) of ca. 30 nm, indicating the thickness of the gelatin
layer on each mica surface is around 15 nm. An initial weak
repulsion commencing at D & 150 nm may arise from double-
layer electrostatic interactions>~ due to the weak net positive
charge on the gelatin surface; see later.

As the gelatin-bearing mica surfaces are progressively
compressed, the lateral shear forces F, between them were
measured, at different loads and F, and D values, as the top
surface was sliding back and forth past the lower one. Typical
friction force traces of the applied lateral motion Ax (the top
zigzag trace) vs shear force (the lower traces) are shown in
Figure lc. The top triangular waveform is a set of back-and-
forth lateral motion as a function of time applied on the upper

https://dx.doi.org/10.1021/acs.biomac.0c01151
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Figure 1. (a) Height AFM images of the mica surface spin-coated
with gelatin, showing an RMS roughness of about 1.71 nm. (b) Forces
normalized by radius (F,/R) as a function of surface separation (D)
between gelatin-coated mica surfaces across conductivity water at
room temperature. The different symbols represent different
approaches at same or different contact positions. The final separation
distance between the surfaces at the highest applied loads for all
profiles is 30 & S nm. The purple shaded region roughly encompasses
interactions larger than the scatter of ca. 0.01 mN/m. (c) Typical
friction force traces between mica surfaces coated with the gelatin.
The top zigzag trace is the back-and-forth lateral motion of the top
surface, while the bottom three traces (at increasing loads from
bottom to top) are the friction forces transmitted between the sliding
surfaces at a sliding velocity of about 1.2 ym/s. (d) Friction forces
(F,) as a function of applied loads (F,) between two gelatin-coated
mica surfaces; the two fitting lines show the upper limit and the lower
limit of the friction coefficient.

lens (Ax), while the lower traces are the corresponding shear
forces transmitted to the shear springs at the different
compressions (mean pressures P = F,/A, where A is the
measured contact area) and separations. Sliding velocities used
were around 1 pm/s for all data shown, although separate
control experiments showed that the frictional force did not
vary significantly, with the sliding velocity over the range of
0.1-2.2 ym/s. The plateaus in the shear force traces represent
the sliding regime, from which the shear force was derived. The
F, F,, corresponding pressure (P), and D are shown below
each shear force trace. The F, vs F, data are summarized in
Figure 1d, and the friction coefficients y are calculated as y =
F,/F,. We conclude that the shear force increases roughly
linearly with the increase of normal force, with y in the range
of 0.48—0.85 at pressures up to ~10 atm. In summary, the
gelatin layer by itself cannot provide efficient lubrication.

3.2. Mica-Gel-HA Surfaces Show Similar Lubrication
to the Mica-Gel Surface. Mica-gel- LHA, mica-gel-MHA, and
mica-gel-HHA surfaces were imaged by AFM, as shown in
Figure 2a—c. In these images, only the mica-gel- HHA surface
shows clear differences to the bare gelatin surface (Figure 1a).
HHA with an extended chain length of up to 6500 nm appears
to form well-organized network structures, as presented in
Figure 2c. The surface structure of the mica-gel-LHA surface
(Figure 2a) and that of the mica-gel- MHA surface (Figure 2b)
are similar to that of the mica-gel surface (Figure 1a), which
makes it difficult to determine from the images whether LHA
and MHA adsorbed on the gelatin surface. We attribute the
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more organized structure of the HHA to its much greater
length compared to MHA or LHA (whose extended chain
lengths are 1 or 2 orders of magnitude smaller), which makes it
better able to form a network-like structure, as shown in Figure
2c. Therefore, we measures the surface (-potential, which
measured the charge properties of the obtained surfaces. The
results in Figure S1 (SI) indicate that the bare gelatin surface is
slightly positively charged, while the surface {-potential
changes to ca. —20, —40, and —55 mV when incubated
overnight in LHA, MHA, and HHA respectively, indicating the
adsorption of all HA samples on the gelatin surface, while
suggesting a lower adsorbance, which may arise from a weaker
binding of LHA and MHA relative to HHA.

The normal surface force profiles F,(D)/R vs D of the mica-
gel-HA surfaces in pure water are shown in Figure 2d.
Comparing with the normal force profile of mica-gel surfaces
(purple shaded area in Figure 2d), some of the approaching
profiles between surfaces adsorbed with HA layers show a
longer-ranged repulsion, especially for the mica-gel-HHA
included systems. At the same time, the onset separation of
the long-ranged repulsion decreases with the decrease of HA
MW, which may be attributed to the decreasing steric
repulsions due to the adsorbed HA molecules on the gelatin.
Typical F(t) traces for the gel- HHA layers are shown in Figure
2e, while the shear force vs load between mica-gelatin-HA
surfaces is presented in Figure 2f. For comparison, the F,—F,
profiles of the mica-gel surfaces across pure water, taken from
Figure 1d, are also presented as shown in the purple shaded
area. For the mica-gel-HA surfaces, the effect of MW on the
lubrication seems negligible and p varies from 0.42—0.78 to
0.22—0.57 and 0.18—0.49 when the MW of HA decreases from
1.8 MDa to 240 kDa and 35 kDa, respectively. In brief, the
COFs of the mica-gel-HA surface is in the order of 1071—1,
which are quite similar to that of the gelatin layer. This is
consistent with previous studies that HA boundary layers are
associated with a sliding COF of around 0.3.'%7%%*

3.3. Adsorption of HSPC SUVs on the Mica-Gel and
Mica-Gel-HA Surfaces May Greatly Improve Lubrica-
tion. HSPC SUVs with a diameter of around 70 + 10 nm were
prepared and incubated with the mica-gel and mica-gel-HA
surfaces overnight and characterized as to structure and
interactions.

3.3.1. HSPC SUVs Directly Adsorbed on Mica-Gel Surface.
Following incubation of the mica-gel surface in the HSPC SUV
dispersion (as a control in the absence of HA), the lyophilized
mica-gel-HSPC surface was imaged in air by AFM, as shown in
Figure 3a. There are some roughly circular entities seen on the
gelatin surface ranging from 70 to 250 nm in diameter and 4—8
nm in height, attributed to adsorbed vesicles or aggregated
vesicles (the rather small height, less than that of two bilayers,
is similar to earlier AFM images of adsorbed liposomes, and is
due to AFM height-measuring limitations associated with
liposome distortion on the soft substrate®). The height profile
in Figure 3a (bottom) shows three spheres with diameter
around 70 nm and height around 7 nm, more clearly indicating
liposomes adsorbed on the gelatin surface. The low density of
the liposomes on the gelatin surface indicates that HSPC SUVs
may adsorb on the gelatin layer to less than full coverage or
that they are more densely adsorbed but only weakly attached
and so partially removed by the AFM tip during scanning.*'
The weak interaction between gelatin and HSPC SUVs is
reasonable because the gelatin layer is overall slightly positively
charged, as indicated in Figure S1, while the zwitterionic

https://dx.doi.org/10.1021/acs.biomac.0c01151
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Figure 2. AFM topographic images of the (a) mica-gel LHA, (b) mica-gel-MHA, and (c) mica-gel- HHA surfaces scanning in air, showing RMS
roughnesses of around 1.63, 1.81, and 1.96 nm, respectively. (d) Forces normalized by radius (F,/R) as a function of surface separation (D)
between gelatin-coated mica surfaces following overnight incubation in HA solution across conductivity water at room temperature. The purple
shaded region (from Figure 1b) indicates the F,/R of gelatin layer. (e) Typical shear force vs time traces for the HHA layer. The top zigzag trace is
the back-and-forth lateral motion of the top surface, while the lower four traces (at increasing loads from bottom to top) are the friction forces
transmitted between the sliding surfaces at a sliding velocity of about 1.1 gm/s. (f) Friction forces (F;) as a function of applied loads (F,) between
two surfaces incubated with MHA, LHA, and HHA, respectively. The purple shaded region indicates the friction force of gelatin layer (from Figure

1d).

dipoles on the exposed phosphocholine groups on the
liposomes favor a dipole/negative-charge interaction.”*

The normal and shear forces between two mica-gel-HSPC
surfaces were studied by SFB. The normal force between the
two mica-gel- HSPC surfaces normalized by the radius (F,/R)
decays at large separations roughly exponentially, as indicated
in Figure 3b. Some of the approaching profiles show a weak
long-ranged repulsion, which could be due to steric repulsions
between loosely bound HSPC liposomes on the gelatin surface,
which are removed by the shear measurements as the surfaces
approach. On closer approach, a sharp increase in the repulsive
force was measured with decreasing D, which may be
attributed to steric repulsions between opposing liposome
layers that are more strongly bound to the gelatin surface.
Some of the approaching profiles appear to show a kink from
~75 to ~53 nm, which may be due to the squeezing-out of the
“loose” liposomes on top of the surface-attached layers. Finally,
at the highest compressions, the separation between the two
opposing surfaces no longer changes with the increase of
normal force and reaches the final “hard wall” distance. The
approaching profiles in Figure 3b indicate that the contact
points between two mica-gel-HSPC surfaces can be divided
into two groups according to their different final distances. The
first kind of contact points reaches a final separation around 32
nm; this is consistent with the thickness of a bare gelatin layer
(ca. 15 nm) on each of the surfaces and indicates an absence of
HSPC SUVs on the gelatin, i.e., the shear and friction removed
any liposomes that were attached. The second kind of contact
points comes to a final separation of 53 + 4 nm. This
separation is consistent with the adsorption of one layer of

HSPC SUVs on each gelatin surface. The majority of the
contact points belong to the second kind.

The shear or frictional forces F, transmitted between the
mica-gel-HSPC surfaces as they slide past each other were
determined at different compressions (F,). Representative
traces are shown in Figure 3c; quite efficient lubrication can be
observed at a low pressure, and F; increases with increasing F,.
The F, vs F, results are summarized in Figure 3d.
Corresponding to the two kinds of contact points described
in the normal force profiles, the shear force profiles in Figure
3d also show different variation with the increase of normal
force. The solid symbols are data from the first kind,
corresponding to a hard wall of around 32 nm (ie, the
removal of the liposomes so that the friction is essentially
gelatin vs gelatin), while the open symbols are from the second
kind of contact positions with a hard wall around 53 nm. As
shown in Figure 3d, the first kind of contact points shows poor
lubrication (4 =~ 0.1) starting at low loads, suggesting the
removal of HSPC from the gelatin layer already at such low
loads and shear. The second kind (a hard wall around 53 nm)
shows better lubrication, with # &~ (1—3) X 107> up to higher
loads, before the lubrication breaks down abruptly and u (as
measured from the slope of the F; vs F, variation) increases to
ca. 0.05. We may attribute the low friction to hydration
lubrication at the bilayer—bilayer slip plane within the trapped
liposome layer, while the abrupt increase in u may be
attributed to the removal of trapped liposomes on sufficient
loading and shear. It is also noteworthy that for the second
kind of contact positions, the pressure at which the lubrication
breaks down may differ a lot from contact point to contact
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Figure 3. (a) Height AFM image of the mica-gelatin-HSPC surface,
scanning in air. (b) Forces normalized by radius (F,/R) as a function
of surface separation (D) between mica-gelatin-HSPC surfaces across
HSPC SUV dispersions at room temperature. The different symbols
represent different approaches at same or different contact positions.
The purple shaded region indicates the F,/R of gelatin layer (Figure
1b). (c) Typical friction force traces between mica-gelatin-HSPC
surfaces. The top zigzag trace is the back-and-forth lateral motion
(Axy) of the top surface, while the bottom four traces (at increasing
loads from bottom to top) are the friction forces transmitted between
the sliding surfaces at a sliding velocity around 1.0 gm/s. (d) Friction
forces (F,) as a function of applied loads (F,) between two mica-
gelatin-HSPC surfaces; different symbols represent different ap-
proaches at same or different contact positions in at least two
independent SFB experiments.

point, as shown in Figure 3d. This may be attributed to the
incomplete coverage of the SUVs on the gelatin surface. For
the contact positions where there is denser SUVs adsorption,
they can—for a given critical-load/vesicle—withstand higher
total loads, while for the contact positions with lower SUV,
surface density, the friction increases sharply already at lower
loads. Thus, adsorption of HSPC SUVs on the gelatin surface
can improve the lubrication greatly, corresponding to a
decrease in friction coefficient from ca. 107" to ca. 107 at
pressures up to ca. 30 atm, whereupon, in our configuration,
liposomes are removed by compression and shear and the
friction increases.

3.3.2. HSPC SUVs Adsorbed on Mica-Gelatin-HA Surface.
The mica-gel-HA surfaces adsorbed with different-molecular-
weight HAs were further immersed in HSPC SUV dispersions
overnight to obtain mica-gel-HA-HSPC surfaces. These
surfaces were washed thoroughly prior to freeze drying
(Section 2.4) and then imaged by AFM, as shown in Figure
4a—c. A comparison of the three AFM images indicates that
the density of liposomes on the LHA layer is lower than that
on the MHA and HHA ones, possibly due to their removal by
the AFM tip, suggesting that the LHA shows the weakest
binding to HSPC SUVs.

Normal and shear forces between the mica-gel-HA-HSPC
surfaces were then measured by SFB. In Figure 4d—f, normal
force profiles F,/R between mica-gel-HA-HSPC surfaces
across an HSPC SUV dispersion (0.3 mM) are presented.
There are two kinds of normal force profiles shown in Figure
4d, in which the approaching profiles were carried out with
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shear at different D values, for the mica-gel-LHA-HSPC
surfaces: the first kind exhibits a jump-in from 51 + 3 to 32 +
2 nm when the pressure is around 30 atm, suggesting that two
layers of liposomes are squeezed out under pressure; in other
words, no liposomes layer remains on mica-gel-LHA surface
under higher pressures. The second kind has no “jump-in”
during the approach and shear process, with a final distance of
around 50 nm, suggesting that one layer of liposomes remains
on each mica-gel- LHA surface. Comparing with the mica-gel-
LHA-HSPC, the normal force profiles of the mica-gel-MHA-
HSPC system (Figure 4e) are more scattered. At the highest
compressions, the hard wall separation between the two mica-
gel- MHA-HSPC surfaces is around 52 + 4 nm, while some of
the approaching profiles show a kink from ~72 to ~52 nm due
to the squeezing-out of the loose liposomes on top of the
surface-attached layers. Figure 4f indicates the normal force
profiles between two mica-gel-HHA-HSPC surfaces, and the
final distance is around 54 + 4 nm at pressures of up to 130
atm. Some of the approaching profiles also show a kink from
~70 to 50 nm, corresponding to the squeezing-out of loosely
bonded liposomes, similar to the mica-gel-MHA-HSPC
system.

The corresponding friction forces F;, derived from the shear
traces at different compressions (similar to those in Figure 3c),
are summarized in Figure 4g—i. The shear profiles in Figure 4g
indicate that the COF of the mica-gel- LHA-HSPC surface is
low, around 107>—1073, up to loads corresponding to some
tens of atm. As shown in the inset in Figure 4g, there is a sharp
increase in F from ~10 to 40 uN; further compression of the
surfaces leads to rigid coupling between the surfaces, i.e., no
sliding between them at the highest shear force applied. Such
rigid coupling corresponds to the normal force profiles shown
in the inset in Figure 4d, in which a jump-in from ~50 to ~30
nm was observed when the HSPC SUVs were squeezed out
under pressure. While the plots represented by the triangles in
Figure 4g indicate a relatively moderate increase in friction
with load initially, with a COF of around 1072—1073, and then
above a critical maximal pressure (P,,,*, corresponding to the
pressure values indicated at the highest load data points), the
friction COF increases abruptly by at least 3—S-fold, as
indicated by the arrows in Figure 4g. These contact positions
correspond to the normal force profiles in Figure 4d, which
undergo no final distance changes, thus indicating that there
are still HSPC SUVs between the surfaces. In this case, we
attribute the sharp increase in friction under the critical
maximal pressure (26—36 atm for the mica-gel-LHA-HSPC
surface), which is low relative to the maximal pressures
measured in cartilage,” to the removal of liposomes and the
resulting low coverage of HSPS SUVs on the mice-gelatin-
LHA surfaces, as already indicated by the AFM image in Figure
4a. The COF between mica-gelatin-MHA-HSPC surfaces,
Figure 4h, is between 107> and 107>, similar to the mica-
gelatin-LHA-HSPC surface. However, the P, * of the MHA
systems, around 45—62 atm prior to the abrupt increase in
fiction (see arrows in Figure 4h), is significantly higher than
the LHA ones, which can be attributed to stronger binding
HSPC to the MHA layers. The HHA system, Figure 4i, shows
the best lubrication, with a friction coefficient between 1073
and 107* when the pressure is as high as 130 atm, with no
indication of a breakdown in the lubrication up to these
highest pressures applied, comparable to the healthy synovial
joints at physiological pressures.”" Thus, compared to the low-
molecular-weight HA system and the medium-MW HA
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Figure 4. Height AFM image (surface scanning in air) of the (a) mica-gelatin-LHA-HSPC, (b) mica-gelatin-MHA-HSPC surface, and (c) mica-
gelatin-HHA-HSPC surface. Forces normalized by radius (F,/R) as a function of surface separation (D) between (d) mica-gelatin-LHA-HSPC, (e)
mica-gelatin-MHA-HSPC, and (f) mica-gelatin-HHA-HSPC surfaces across HSPC SUV dispersions at room temperature. The corresponding
friction forces (F;) at a sliding velocity around 1.0 to 1.2 ym/s are shown as a function of applied loads (F,) between (g) mica-gelatin-LHA-HSPC,
(h) mica-gelatin-MHA-HSPC, and (i) mica-gelatin-HHA-HSPC surfaces. The insets in (d) and (g) illustrate the jump-in and the corresponding
abrupt increase in friction in the compression process of the mica-gelatin-LHA-HSPC surface, respectively. The purple shaded regions in (d—f)
indicate the F,/R between the gelatin layers alone (from Figure 1). The solid curves in (g—i) are a guide to the eye, and the arrows indicate the
points at which further increase in the load leads to an abrupt increase in friction when the surfaces no longer slide relative to each other. The noted
pressure and friction coeflicients correspond to the highest load point.

system, the high-MW system shows much better lubrication
and pressure resistance ability. This may be attributed to the
robust binding of HSPC SUVs to the HHA layer, as indicated
by the AFM image in Figure 4c.

The overall picture from our results is that the bare gelatin
surface has the highest friction (COF 0.48—0.85), while the
adsorption of HA on the gelatin layer does not improve the
lubrication regardless of its MW, but further adsorbing of
HSPC SUVs can greatly decrease the friction, attributed to
hydration lubrication at the HSPC-HSPC slip plane, as
discussed earlier. The frictional behavior for these different
configurations is summarized in Table 1. The most interesting
finding of this study is that lubrication by gelatin-LHA-HSPC,
gelatin-MHA-HSPC, and gelatin-HHA-HSPC differs consid-
erably from each other even though frictional energy
dissipation at the HSPC-HSPC slip plane between the surfaces
in the three cases should be similar. This is summarized in
Table 1, which shows also that the maximal pressure P*__,
before the friction increases abruptly in the order: mica-gelatin-
LHA-HSPC < mica-gelatin-MHA-HSPC; mica-gelatin-HHA-
HSPC, from ~30 to ~60 atm; for the mica-gelatin-HHA-
HSPC surface, the friction still remains as low as 107°—107%
and there is no abrupt rise in the friction up to the maximum
pressure applied, ca. 130 atm. We attribute these differences to
the progressively stronger attachment of the liposomes to the
gelatin layer as the HA MW increases. We note also that any
effects of wear for the case of the mica-gell HHA-HSPC
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Table 1. Summary of Sliding Friction Coefficients (COF)
and the Corresponding Range of Maximal Applied
Pressures of Surfaces Derived from SFB Experiments

coefficient of friction ~ maximal applied pressures

(COF) (Ppaw atm)
Mica-gelatin 0.48—0.85 ~10
Mica-gelatin-LHA 0.18—0.49 ~12
Mica-gelatin-MHA 0.22—0.57 ~9
Mica-gelatin-HHA 0.42—0.78 ~12
Mica-gelatin-HSPC 107'-1072 12-37
Mica-gelatin-LHA- 10721073 26-36"
HSPC
Mica-gelatin-MHA- 107-107° 45-62°
HSPC
Mica-gelatin-HHA- 1073-107* ~120
HSPC
Mica-HSPC 1073-107° ~120

“Indicates P*_,,, the pressure beyond which, on further compression,
y increased abruptly by at least 3—S5-fold.

surfaces is not significant. This is seen from the very good
lubrication at the same contact points on subsequent
approaches between the mica-gel-HHA-HSPC surfaces, as
well as from the approach to the same surface separation on
recompression following a first approach and shear. Any
significant wear would have resulted in increased friction, and
in debris formation manifesting as a longer-ranged repulsion
on subsequent approach, as has been seen in other studies®
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but is not seen in the present study. From this, we may
conclude that little wear has occurred within the parameters of
our experiments. This may be attributed to the robustness of
the surface layers and to the presence of HSPC SUV in the
surrounding medium, which may serve as a reservoir to replace
any lipids that are removed by shear.

To explore this further, we consider the physical origins of
the HA-gelatin attachment. As shown in the Supporting
Information, the gelatin-coated mica has a slight positive {-
potential ., which we may take as the surface potential y;, of
the gelatin, while the HA is a negatively charged polyelec-
trolyte. The main driving force for adsorption of polyelec-
trolytes to oppositely charged surfaces is generally due to the
entropy increase arising from counterion release from the
surface.”” From this mechanism, we may thus roughly estimate
the net adsorption energy for the LHA, MHA, and HHA on
the gelatin surface as follows. We evaluate the net positive
surface charge density o on the gelatin from the Grahame
equation

e
o = /8cyee kT sinh(%) )

where ¢, is the electrolyte concentration, &, = 8.854 X 107> F/
m is the permittivity of free space, € is the relative permittivity
of the medium (ca. 80 for water), k is Boltzmann’s constant, T
is the absolute temperature, e = 1.60 X 107" is the electron
charge, and yy is the surface potential.

As the SFB experiments of the mica-gel, mica-gel-LHA,
mica-gel-MHA, and mica-gel-HHA systems were all conducted
in purified water without adding salt, we expect ¢, & 3 X 107°
M.>® Putting in values, where we take y, = Wea = 0.003 V (S1),
we find 6 = 1.2 X 107° C/m? equivalent to a net charge (e)
occupying on average an area A, &~ 4000 nm’. We may view
each such net surface charge to be associated with a
counterion, which may be released if replaced by a (similarly
charged) HA monomer, and thus gain entropy (very roughly, a
gain of order kT free energy per released counterion). As
noted, this is likely the dominant driving force for HA
adsorption. We may examine the area occupied by an HA
molecule on the gel surface to see how many such counterions
it might release. If we approximate this as Ry’ where R, is the
end-to-end dimension of the respective HA molecules,” then
we have R2(LHA) = 2A,, R,2 (MHA) = 104,, and R2(HHA)
~ 160A,. From this, we may deduce that an LHA molecule is
likely to be in contact with just one or two opposite surface
charges so that its counterion-release adsorption energy is of
order kT; likewise, the MHA chains will have adsorption
energies of a few kT, while the HHA molecules will be strongly
adsorbed with energies of order tens of kT. For this reason, we
believe that in the case of LHA and MHA, the molecules are
only weakly (transiently) bound to the gel. In summary,
friction between two sliding cartilage-emulating surfaces (i.e.,
mica coated with gelatin and HA) is low only in the presence
of adsorbed HSPC SUVs, and for which the slip plane is
attributed to be—in the hydration lubrication mechanism—
between the hydrated phosphocholine headgroups of the
opposing boundary layers. Indeed, in all cases where HSPC
SUVs are attached to the surfaces, hydration lubrication is
effective, at least under low pressure; this holds even for the
mica-gel-HSPC system, for which the maximal contact stress,
before the friction coefficient increases abruptly (see Figure 3),
is around 12—37 atm. The increasing friction of the mica-gel-
HSPC system at higher pressures may be caused by the
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removal of most of the liposomes under pressure and shear,
due to their weak attachment to the gelatin. Once HA is
attached to the gelatin and the liposomes are added, the
friction is again low for all polysaccharide sizes, but the good
lubrication breaks down at lower pressures for the lower-MW
HAs. We may attribute this to the weaker attachment of the
shorter polysaccharides to the gelatin. Thus, under increasing
normal loads, the LHA-HSPC and MHA-HSPC complexes
may be sheared off the gelatin (and thus lose their lubricating
ability) at lower shear stresses upon sliding of the surfaces than
in the case for the HHA-HSPC boundary layers. Our results
suggest that the gel-HSPC lubrication breaks down when the
PC vesicles are detached from the gelatin, while for gel-LHA-
HSPC and gel-MHA-HSPC, it is the detachment of the HA
(together with their attached vesicles) that results in
lubrication breakdown.

4. CONCLUSIONS

The relation of osteoarthritis to the length of HA in synovial
joints has been debated for many years.”® The present work
suggests that

(in the form of either bilayers or vesicles). Specifically, our data
show that PC vesicles attached via HA to a model (cartilage-
emulating) surface are more easily removed—ie., at lower
pressures and shear stresses—when the HA mediating their
attachment is of lower MW. Since the low friction of healthy
cartilage has been attributed—via hydration lubrication—to
PC-exposing boundary layers, where the PC layers themselves
are attached via HA,>' this indication of reduction in cartilage-
binding of lower-MW HA may be related to increased friction
and thus increased degradation of the osteoarthritic cartilage.
Clearly, our present cartilage-emulating surface is only a very
rough approximation to real articular cartilage surfaces, and
should be viewed as an initial step to understanding the
lubrication breakdown in the osteoarthritis joints. The use in
future studies of type II collagen (which is the collagen type
mostly present at the articular cartilage surface®”) in place of
gelatin, and physiological salt concentrations (which would
modulate the various HA and PC interactions) in place of
conductivity water as the medium, would make the surfaces
emulate more closely an articular cartilage surface, as would
incorporation of lubricin into the boundary layers. Further-
more, while the detailed interactions of HA with cartilage likely
differ from those with gelatin, one expects the interaction/unit
length of HA to be independent of the HA length, whether
interacting with cartilage or with gelatin, so that the LHA and
MHA would attach more weakly overall than HHA to cartilage
as well as to gelatin (though the absolute strength of the
interactions differ). Our present study captures this essential
point. Moreover, the future use physiological salt concen-
trations (which would modulate the various HA and PC
interactions) is called for in place of conductivity water. Such
increased salt concentration would likely weaken the electro-
sorption of all of the HA samples onto the oppositely charged
collagen,58 but leave the relative strengths unchanged so that
our conclusions regarding the breakdown of lubrication with
LHA and MHA relative to HHA would remain. Evidently, at
higher salt concentrations, the medium would more closely
resemble the environment in synovial joints. Nonetheless, the

present work stronily indicates directly for the first time that
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This is
relevant both for understanding HA function in keeping
effective lubrication in healthy cartilage and also from a
practical point, as in intra-articular administration of HA
(together with PC lipids) in osteoarthritis treatment.
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