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ABSTRACT

Interactions between molecules in the synovial fluid and the cartilage surface may play a vital role in the formation of adsorbed films that con-
tribute to the low friction of cartilage boundary lubrication. Osteoarthritis (OA) is the most common degenerative joint disease. Previous studies
have shown that

(ONEERORNSRENERENERGH e have invesigacd the
Small angle neutron scattering and

dynamic light scattering were used to determine the structure of HA-lipid vesicles in bulk solution, while a combination of atomic force micros-
copy and quartz crystal microbalance was applied to study their assembly on a gold surface. We infer a significant influence of both MW and
HA concentrations on the structure of HA-lipid complexes in bulk and assembled on a gold surface. Our results suggest that (NI

(NS ERERENOIPEONSIAES o the gold surface, which is expected to

© 2023 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1116/6.0002502

I. INTRODUCTION non-Newtonian fluid, known as the synovial fluid (SF), which
The articular cartilage is one example of the many impeccable contains Ei?molecules including hyaluronan, lubricin, and phos-
tribosystems that nature has built. It is an avascular tissue com- pholipids.”" Healing and repair of articular cartilage are very
posed of chondrocytes, collagen fibers, proteoglycans, glycosamino- limited, and therefore, its preservation is paramount to joint health.
glycans, and elasticin.' The biological lubricant that provides Osteoarthritis (OA) is the most common degenerative joint disease.
cushioning and low friction during articulation is a viscous It affects around 32 million people in the U.S. alone, while more
Biointerphases 18(2), Mar/Apr 2023; doi: 10.1116/6.0002502 18, 021005-1
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than 22% of adults over 40 around the world suffer from knee
OA." In advanced stages, the patients suffer from severe pain, func-
tional limitations in the affected joints, and restricted mobility.
Articular cartilage undergoes significant degradation during OA.

Compositional changes of the SF are helpful in diagnosing
joint diseases. For instance, analysis of the SF composition is
performed if pain, inflammation, or swelling occurs in a joint, or
when there is an accumulation of fluid. Analyzing the composition
of SF samples can help to diagnose the exact problem causing the
inflammation, which has led to active research in the diagnosis of
common diseases like arthritis. This highlights that the changes in
SF composition directly affect the function of the joint.””” One
intensively researched aspect is the synergy between biomacromole-
cules present in the synovia, in particular, phospholipid self-
assemblies and the high molecular weight (MW) polysaccharide,
hyaluronan (HA).

Phospholipids are a major component of the synovial cavity,
with phosphatidylcholines (PCs) making a total of ~41% of the total
lipid content. Phospholipids can self-assemble into various phases
including liposomes and bilayers (or other lamellar phases) in the SF
and on the cartilage’s surface, respectively. Multiple mechanisms have
been proposed describing the low friction coefficients in boundary
lubrication provided by these self-assemblies,’ including hydration
lubrication,”” reduced adhesion,'’ vesicle deformation and
rupture,'>'” as well as interbilayer sliding in the case of lamellar
stacks.'®'” It has been widely reported that phospholipids can bind
with other molecules in the SF, particularly with HA, to form com-
plexes that facilitate boundary lubrication. HA is a polysaccharide
with repeating units made of glucuronic acid, and an amino sugar,
linked via a glycosidic bond. While originally HA was thought to con-
tribute toward low friction,"” recent studies show otherwise.'® Using a
surface force balance, Klein’s research group showed that its boundary
lubricating ability is poor.” The interaction between HA and phos-
pholipids is also widely disputed. For instance, it has been reported
that HA adsorbs on the lipid or accumulates in-between lipid bilayers.
In contrast, MD simulations showed that HA monomers or clusters
do not adsorb on lipid bilayers."” This further warrants a deeper dive
into the HA-lipid self-assembly and structure. The nature of the inter-
action between lipid and HA, and thereby, their assembly, is believed
to be dependent on the MW of HA, its concentration, and solution
ionic strength.'’~'? This might be associated with the ability of HA to
form inter- and intra-molecular interactions depending on its MW,
that is, it is difficult to form intrachain interactions in low MW HA,
whereas these are easier in high MW HA."

The composition of HA in the SF has been reported to signifi-
cantly change during the development of OA. For a healthy joint,
HA exhibits a MW of 2-20 MDa with a concentration ranging
from 1 to 4mg/ml. In the OA-diseased joints, not only is HA
broken down, resulting in a much lower MW, but its concentration
is also reduced by ten times.”>*' Inspired by these results, we chose
to investigate the structural changes as a function of concentration
and the MW of HA to simulate the physiologically relevant condi-
tions that exist in healthy and diseased joints. We have explored the
structural properties of lipid-HA model mixtures in solution. To
relate to the conditions relevant to boundary lubrication, we have
also investigated the morphology and properties of the
surface-adsorbed films.

Biointerphases 18(2), Mar/Apr 2023; doi: 10.1116/6.0002502
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Il. MATERIALS AND METHODS
A. Materials

Dipalmitoylphosphatidylcholine (DPPC) in chloroform was
purchased from Avanti Polar lipids (USA). Hyaluronic acid sodium
salt from rooster comb, hyaluronic acid sodium salt from
Streptococcus equi (MW 30-50 kDa), and D,O (99.9 atom %D)
were purchased from Millipore-Sigma (USA).

B. Synthesis of DPPC vesicles and HA mixtures

Unilamellar DPPC vesicles were prepared by thin film hydration
followed by the standard extrusion method. Briefly, a solution of
DPPC in chloroform was transferred to a round-bottom borosilicate
flask and the solvent was evaporated via rotary evaporation. The dried
lipid thin film was kept under vacuum overnight to ensure complete
solvent removal. The lipids were rehydrated by adding NaCl buffer
(in 150 mM NaCl in D,0 or H,0) to get 1 mg/ml DPPC stock solu-
tion under nitrogen purging to avoid lipid contact with oxygen. The
resuspended lipids were vortexed for 30 min to disperse the lipids in
the buffer. The resulting solution was extruded at least 23 times at
50 °C through a polycarbonate membrane with a pore size of 0.1 yum
to form unilamellar vesicles with a narrow size distribution.””

Hyaluronic acid (HA) stock solutions of 5 mg/ml were made
by dissolving the HA in the buffer at 40 °C for 24 h with continu-
ous stirring to ensure complete dissolution. The stock solution was
diluted to a final concentration of 0.2 mg/ml of lipid and incubated
with different concentrations of low and high MW HA for at least
a day prior to any testing. HA compositions are listed in Table I.

Dynamic light scattering (DLS) measurements were conducted
with a Nanostar Wizard (Wyatt Technologies) with a wavelength of
532 nm.

C. Small angle neutron scattering (SANS and USANS)

Small angle neutron scattering (SANS) measurements were per-
formed on the extended g-range small-angle neutron scattering dif-
fractometer (EQ-SANS) at the Spallation Neutron Source (SNS) at
Oak Ridge National Laboratory (ORNL).”>** Three sample-to-detec-
tor distances (9, 4, and 2.5 m) in combination with wavelength bands
defined by a minimum wavelength of 15, 10, and 2.5 A, respectively,
were used to cover the g-range of 0.003 A~ <g<0.3 A™", where the
magnitude of the scattering vector, g, is given by g = (47/A)sin().
Here, A is the wavelength of the neutron and 26 is the scattering
angle. Absolute scale intensities were calibrated with a porous silica
standard sample.” Banjo cells (Hellma Inc.,, USA) of a 5mm path
length were used in all SANS measurements. All the measurements
were conducted at 37°C. Data reduction including corrections for

TABLE |. Hyaluronan concentrations added to 0.2 mg/ml DPPC vesicles in NaCl
buffer (150 mM NaCl in D,0 or H,0).

Molecular weight

(kDa) Concentration (mg/ml)
High MW HA 100-1000 0 01 033 05 1 1.5
Low MW HA 30-50 0 01 033 05 1 1.5
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detector sensitivity and background were performed using MANTIDPLOT
software.”»”* A spherical scattering length density (SLD) profile
model built SASview V.5 was used to fit the SANS data to extract
vesicle size and bilayer thickness.

Ultra-small-angle neutron scattering (USANS) measurements
were performed on beamline-1A at the Spallation Neutron
Source located at Oak Ridge Laboratory, Oak Ridge, TN.""”"**
Identical sample cells and conditions were used for EQ-SANS.
The g-range covered in the USANS experiments was
107°A™ ' <q<5x107 A7

D. Quartz crystal microbalance (QCM)

AT-cut quartz crystals (diameter =25mm) coated with gold
(QSX 301, LOT Oriel Group, Germany) with a fundamental fre-
quency of 4.95 MHz were used to study the surface-adsorption and
structural transitions of the HA-DPPC mixtures in the NaCl buffer,
prepared either with D,O to compare to SANS experiments, or with
millipore water, to study biomimetic conditions. Notably, the proper-
ties of the gold surface differ from those of the cartilage surface. For
example, these gold surfaces have a higher wettability than cartilage,
as the contact angle is ~50° for gold sensors versus 100° and 65° for
healthy and diseased cartilage, respectively.”””" However, the
reported wettability of cartilage was measured when exposed to air,
that is, while drying, and hence, the contact angle is expected to be
higher when immersed in SF. Furthermore, gold surfaces are smooth
enough (RMS roughness~1.3nm) to enable us to image the
adsorbed films in liquid by atomic force microscopy and distinguish

ARTICLE avs.scitation.org/journal/bip

overtones (from n=3 to n=11), but the results presented here are
at overtones of 5, 7, and 9, which are adequate for the thickness of
the adsorbed films (tens of nanometers).”' = Gold sensors with a
fundamental frequency of 4.95 MHz were cleaned by UV ozone for
10 min, immersed in a solution 5:1:1 mixture of MilliQ water:
ammonia (25%): peroxide hydrogen (30%) at 75°C for 5min,
rinsed with Milli-Q water, dried with N,, and again treated with
UV ozone for 10 min before use. Inlet and outlet tubing and the
QCM chambers were rinsed with ultrapure water (GenPure UV,
TKA GmbH, Niederelbert, Germany) before use. The fundamental
frequencies were characterized in the NaCl buffer. The chamber is
designed to provide a nonperturbing exchange of liquids over the
quartz crystal by means of a pump. A flow rate of 20 ul/min was
used, and the chamber temperature was maintained at 37 °C during
all measurements.

E. Atomic force microscopy (AFM)

After adsorption, the QCM sensors with the adsorbed films
were imaged by AFM (Nano Wizard, JPK Instruments, Germany)
using the quantitative imaging (QI) mode with a sharp tip (HQ:
CSC37, No Al, 0.3-0.8 N/m, Nanoandmore, USA). This method
creates maps of height (or topography), adhesion, and surface stiff-
ness. QI is the chosen mode of AFM imaging, since it eliminates
the application of a lateral force, as it happens in contact mode
imaging, and thereby, it minimizes artifacts due to drag or damage,
which can happen to soft films. QI images (10 x 10 um?, 5 x 5um?,

© Author(s) 2023

the film morphology, which is impaired on rough surfaces. and 2 x 2 um®) were postprocessed using the jpk software by sub- g
Changes in frequency (Af) and dissipation (AD) of the crystal tracting a polynomial fit from the surface and replacing empty %
resonator (Q-Sense, Sweden) were measured over different pixels by interpolation. N
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FIG. 1. SANS spectra of DPPC lipids with A, high MW and B, low MW HA at HA concentrations of 0.1, 0.33, 0.5, 1, and 1.5 mg/ml (see legend) in the NaCl buffer pre-
pared with D,O. The black diamonds correspond to the pure lipid solution. All solutions had a fixed concentration of 0.2 mg/ml DPPC and 150 mM NaCl. Scattering curves
have been arbitrarily shifted on the y axis to improve clarity.
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Ill. RESULTS

A. Change of vesicle size and bilayer thickness
induced by low and high MW HA

Figure 1 shows the scattering curves obtained for DPPC vesi-
cles, with the selected concentrations of low and high MW HA
(Table I). The curves in Fig. 1 have been stacked on the y axis to
enhance clarity. No scattering was measured for pure HA solutions.
All scattering curves depict the characteristic form factor of spheri-
cal vesicles with a high polydispersity (PDI).”* The absence of the
characteristic lamellar peak at high g further confirms the unilamel-
larity of vesicles.”” Additionally, a structure factor was not observed
in the scattering data, which is expected for DPPC vesicles at low
concentrations,”® as well as HA solutions with added salt.”” While
no visibly distinct changes in the vesicle form factor are observed
in Figs. 1(a) and 1(b), fits of the model [Eq. (1)] reveal subtle
changes in the size and membrane thickness of vesicles as a func-
tion of the MW and concentration of HA.

Scattering intensities from unilamellar vesicles were modeled
using a spherical core-shell form factor with smoothly varying
interfacial functions; details of the model can be found in the sup-
plementary material.”° Since the vesicle concentration can be
assumed to be well within the dilute concentration regime, scatter-
ing intensity can be written as

I(q) = nP(q)S(q) + ILinc, (1)

where n is the number density of vesicles, I, is the incoherent

ARTICLE avs.scitation.org/journal/bip

The form factor of a spherical particle with a symmetric scat-
tering length density (SLD) profile can be calculated by

2
>

Psip(q) = (2)

4 J p(r) &T)rzdr
0 qr

Vparticle

where p(r) is the scattering length intensity (SLD) profile that can
be defined as the linear sum of the core, two interfaces, and shell
regions. The core represents the inner of the vesicle, where water is
located. The shell represents the hydrophobic region of the bilayer,
which has two boundaries (the two interfaces) and is defined by
power-law functions. For the results discussed here, the PDI of the
inner core was obtained to be 0.4 by initially using the PDI as one
of the fitting parameters, along with all other structural parameters.
In the next round of fittings, the PDI value was fixed at 0.4 to
determine the values of the structural parameters; see all fitting
parameters in Tables S1 and S2.°° This approach led to better fits
in the experimental data. The SLD of DPPC and D,0O were deter-
mined to be 0.2x107° A2 and 6.35x 107 A2, respectively, based
on their known molecular compositions and density.

Figure 2 summarizes the changes in vesicle radius and bilayer
thickness as a function of HA concentration for the two investi-
gated MWs, obtained by fitting Eqs. (1) and (2) to the scattering
data. With no HA, the extruded DPPC vesicles have an average
radius of ~36.8+0.3 nm. The fits suggest that the vesicle radius
decreases first with increasing concentration of high MW HA, until
a minimum size is observed at a concentration of 1 mg/ml, with a
radius of 34.7 £ 0.6 nm. The vesicle radius then increases with an

© Author(s) 2023

background, P(g) is the form factor of the vesicle of interest, and increase in HA concentration to 1.5 mg/ml, yielding a maximum %
S(q) is the structure factor describing the interaction between vesi- vesicle radius of 37.5+1nm. The addition of high MW HA J
cles. Here, the structure factor can be approximated to be 1, since induces a slight shrinkage of the lipid bilayer, in agreement with ¥
the concentration of vesicles is low enough. previous works.'”'® Here, the bilayer thickness decreases from §
40 10

[ ohigh MW HA A. high MW HA B.

| @low MW HA alow MW HA % % 7

£ I £ N

~ | [7/] f// % é ,// /

® 36 1 @ 1 P Y g

E: o P ]

5 £ aAEREEn

g S mreEemen

4 = 1 Y Y g

= 1 Y Y Y P

o34 - = AR

S . nrRERe

7 g nmenen

o 2 Z Z 7 7 Z

$ g RN

]

32 { . R n

nERR

RERR

Y ]

0 01 033 05 1 1.5 0 01 033 05 1 1.5

conc. of high and low MW HA conc. of high and low MW HA
FIG. 2. Results for A, radius and B, bilayer thickness of HA-DPPC vesicles obtained from fitting Egs. (1) and (2) to the SANS spectra. The dashed arrows serve as a
guide to the eye. The results at 0 mg/ml HA correspond to pure DPPC vesicles.
Biointerphases 18(2), Mar/Apr 2023; doi: 10.1116/6.0002502 18, 021005-4



Biointerphases

‘A Journal of Biomaterials and Biological Interfaces

~79.9 A to ~66.1 A, as the concentration of high MW HA increases
from 0 to 1.5 mg/ml. The results with low MW HA are quite differ-
ent. First, the radius of vesicles increases with concentration, with
the largest radius measured at 0.5 and 1 mg/ml (~38.8 nm), and
then it decreases to ~37 nm with a further increase in concentra-
tion to 1.5mg/ml, yielding opposite changes compared to high
MW HA. The bilayer thickness with low MW HA decreases down
to 63 A with a concentration up to 0.33 mg/ml, ie., more notably
than with high MW HA, and it increases to ~86 A with a further
increase in concentration. Interestingly, the calculated bilayer thick-
ness at a concentration of 0.5 mg/ml low MW HA and above is,
thus, larger than that of the reference DPPC vesicles. These find-
ings together show that the structural response due to the interac-
tion with HA is clearly dependent on the molecular weight (or the
length) of HA.

B. High MW HA leads to the aggregation of vesicles

Size measurements of lipid-HA mixtures using DLS are sum-
marized in Fig. 3 as a function of HA MW and its concentration;
the DLS results for pure HA solutions are displayed in Fig. $3,°° for
reference. The radius of pure lipid vesicles, i.e., with no added HA,
was measured to be ~38.4 + 2.3 nm, with a PDI of 0.16. Figure 3(a)
shows the average values of the three detected peaks; the error bars
show the standard deviation and the size of the bubble gives the
relative intensity of each peak. The discussion is focused on the
peak with the highest intensity [peak 2 in Fig. 3(a) and peak 3 in
Fig. 3(b); see details in the caption].

ARTICLE avs.scitation.org/journal/bip

increased from 0.16 for the vesicles to 0.32, 0.26, 0.30, 0.25, and
0.31, respectively (see labels). It should be noted that the equilib-
rium size of the low MW HA in the reference stock solution in the
NaCl buffer is ~9 nm,”® and hence, notably smaller than the size
measured by DLS.

The addition of high MW HA to the vesicle solution leads to
a more significant increase in the size of the assembled structures
[peak 3 in Fig. 3(b)]. The average radius of peak 3 increases in
direct proportion to the HA concentration. That is, the radius of
the HA-lipid structures is 50.1+4.8, 70.5+8.8, 128.3+30.3,
132.3+14.4, and 182.5+34.4nm for HA concentrations of 0.1,
0.33, 0.5, 1, and 1.5 mg/ml, respectively. The PDI depends on high
MW HA concentration and is very high (0.41, 0.34, 0.32, 0.33, and
0.35 for 0.1, 0.33, 0.5, 1, and 1.5 mg/mL, respectively). The refer-
ence DLS measurements for high MW HA in the absence of lipid
show a wide size distribution with two broad peaks, one with an
average around 30-40nm, and a second one pointing at much
larger structures with an average ranging from 350 to 550 nm, for
the investigated concentrations; see Fig. $3.°° Hence, the size distri-
bution for the high MW HA-lipid mixtures is much narrower, with
one distinct and prominent peak, whose average radius increases
proportionally with the HA concentration. Peak 2 in Fig. 3(b) is
most likely due to high MW HA chains dispersed in the solution,
while peak 1 (<2nm) is most likely a measurement artifact. Note
that these bubbles are very small indicating that their contribution
is not significant.

The DLS results for high MW HA, along with the inferred
vesicle and bilayer structure from SANS, suggest that the radii

© Author(s) 2023

The addition of low MW HA led to a small increase in the detected by DLS (peak 3) can be a representative of aggregated vesi- g
radius of vesicles; that is, 459+2.7nm, 42.1+3.5nm, cles via high MW HA. Indeed, USANS measurements also show %
46.7 + 3.4 nm, 44.7 + 5.5 nm, and 46.6 + 3.8 nm, for 0.1, 0.33, 0.5, 1, the formation of a traversing network of HA with vesicles in solu- §
and 15mg/ml of low MW HA, respectively. The PDI also  tion at 1.5mg/ml (Fig. $2).”" This is expected as the polymer g
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FIG. 3. Size (radius) of lipid-HA mixtures measured by DLS as a function of the HA concentration for the A, low and B, high MW HA. The DPPC concentration was fixed
at 0.2 mg/ml. Both systems exhibit a multimodal size distribution. The plots are bubble diagrams that show the average radius of each peak, the error bars show the stan-
dard deviation, and the size of the bubble represents the relative intensity of each peak. Both HA-lipid mixtures exhibit one prominent peak (in blue, peak 2 for low MW
HA and peak 3 for high MW HA. The label shows the polydispersity index of the most prominent peak. Peak 1 is likely an artifact of the measurement. 1000 kDa polymer
may have a radius of gyration of around 8 nm (Ref. 39), and hence, peak 2 (red) in B, suggests the assembly of free HA chains. Ten measurements were conducted per
composition and the bubble diagrams show the average of these 10 measurements. Green bubbles are so small that cannot be seen.
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solution changes from a dilute to a semidilute regime* and it
points to a critical change of behavior at 1.5 mg/ml high MW HA,
which needs further investigation.

The intricate changes of the vesicle size for high MW HA
revealed by SANS differ significantly from the DLS results
[cf. Figs. 2 and 3(b)]. In DLS, the vesicle size consistently increases
with the addition of HA. Instead of sharp multimodal size distribu-
tions, DLS shows broad peaks with large polydispersity, supporting
the formation of HA-lipid vesicles and aggregates of varying sizes,
where the increasing size reflects the increasing content of HA. In
addition to this, we cannot exclude the presence of free HA poly-
mers in the solution. SANS, however, only detects comparatively
smaller single vesicles. This discrepancy is attributed to the differ-
ent measuring principles, where DLS measures the average aggre-
gate size, whereas SANS probes the contrast between individual
vesicles and bulk. Importantly, only slight changes of the individual
vesicle and bilayer size were observed per SANS analysis, indicating
that even in the HA/lipid aggregates implied by DLS, the individual
vesicles greatly maintain their initial structure. We also note that
the DLS radii of the low MW HA-lipid structures are larger than
the values determined by SANS [cf. Figs. 2 and 3(a)]. We associate
this with the fact that SANS is not sensitive to the protruding HA
chains from vesicles; see the proposed assembly in Sec. IV.

C. Amorphous layer resulting from the self-assembly
of high MW HA-DPPC on gold sensors

Figure 4 shows representative QCM-D measurements of
DPPC with 0, 0.1, 0.33, 0.5, 1, and 1.5 mg/ml high MW HA. This
plot also shows the QI-mode AFM images of the QCM gold
sensors after adsorption, specifically, the topography, surface stiff-
ness, and adhesion maps. Multiple images (at least 5) on each
sensor were taken to confirm reproducibility. For reference, Fig. S4
in the supplementary material’® shows the QI images of the bare
gold sensors, with a roughness of ~129nm RMS, an average
surface stiffness of ~52nN/um, and an average adhesion of
~7.3nN to a sharp silicon tip. The average stiffness and adhesion
values were determined by fitting a gaussian distribution to the his-
tograms extracted from the respective QI images. QCM and AFM
studies were performed in the NaCl buffer with H,O to mimic bio-
logical conditions, but the results with the samples prepared in
D,0 led to similar conclusions, as described later.

Figure 4(a) shows the results for DPPC vesicles. The initial fre-
quency decrease with a concurrent large increase of dissipation
indicates fast vesicle adsorption. Adsorption rapidly slows down
and equilibrium is not achieved after ~1h. This is inconsistent with
the classical fingerprint of vesicle rupture, where the frequency
would display a sharp decrease followed by a rapid increase in fre-
quency during adsorption, equilibrating at Af ~ 25 Hz and AD ~ 1-
2x 107 for a lipid bilayer on a QCM sensor of the characteristics
used here."' Thus, while there may be some rupture, the vast
majority of vesicles remain intact on the surface. While rinsing
with  buffer (see gray arrow), dissipation decreases to
AD; ~ 38 x 10~% and frequency increases to Af, ~—164 Hz, which
reflects that some adsorbed vesicles may either desorb or rupture,
but the majority of them stay intact on the surface. Figure S5 in the
supplementary material® shows a plot of dissipation versus

Biointerphases 18(2), Mar/Apr 2023; doi: 10.1116/6.0002502
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frequency (D—f) for DPPC vesicles. The fact that the D—f plot
essentially follows the same path after rinsing tends to suggest a
reversible process, i.e., the reversibly bound material from the latter
part of the adsorption phase is rinsed off.

Stiffness maps corresponding to the adsorbed DPPC vesicles
show very soft and deformable domains occupying 50% of the total
surface, with high adhesion to the tip compared to the surrounding
surface. The surface-immobilized vesicles exhibit a wide height distri-
bution and different extents of lateral spread, which leads to a large
RMS roughness (average~19.2 nm). Most of the domains exhibit a
height of ~80nm and a width of ~120-150nm or 35nm height
with a larger lateral spread (see cross sections in Fig. $6).°° Note that
imaging these domains can also induce a deformation due to the
applied force by the tip (0.7 nN). The images also show flat domains
with a height of ~14 nm, which may be associated with the partial
rupture of DPPC vesicles. Because this height is much larger
(around a factor of two) than the thickness of a bilayer measured by
SANS, it is more likely to be associated with the assembly of two
bilayers on the surface. These AFM results also support that most of
the DPPC vesicles do not rupture on the surface.

At the concentration of 0.1 mg/ml high MW HA [Fig. 4(b)],
there is an initial fast drop in frequency, yet slower than for DPPC
vesicles [cf. Fig. 4(a)], which indicates that the affinity of
HA-DPPC to the surface is decreased in the presence of HA at a
small concentration. This is not surprising considering the expected
steric and electrostatic repulsion for high MW (negatively charged)
HA. This is followed by a step, during which the dissipation
increases slowly from AD;~ 14 to ~20x 107® and the frequency
decreases from Af;,~—105 to ~—123 Hz in ~1.2h. The slow fre-
quency change as a function of time has been previously reported
to be indicative of a reorganization of the adsorbed layer,IZ which
could be happening here, as well. There are no clear signs of vesicle
rupture in QCM experiments. Equilibrium is not achieved even
after ~2h (Fig. S7).°° AFM shows the presence of a soft film
(average stiffness ~4.3 nN/um) with a smaller RMS roughness of
4.6 nm, and a much smaller average adhesion (~37 pN) compared
to DPPC on gold surfaces, consistent with the full coverage of the
surface with a soft film. The cross sections (Fig. $8)°° reveal mainly
flat domains with a height of ~12 nm and a width of ~100-150 nm
[Fig. S8(A)], which might result from the assembly of one or two
bilayers on the surface. At some spots, adhesion is much higher
than the average value [see white spots in Fig. S8(B)], while the
surface stiffness is much smaller than the surrounding region,
which is attributed to the presence of some intact vesicles. The
maximum film thickness at these locations is ~35nm, i.e., similar
to the vesicle radius as determined by SANS (~37 nm), which indi-
cates that they undergo significant deformation upon interaction
with the surface and the tip.

The initial adsorption of HA-DPPC vesicles becomes faster
upon an increase in concentration to 0.33 and 0.5 mg/ml high MW
HA, as shown by the steeper decrease in frequency compared to
0.1 mg/ml, perhaps because the diffusion rate to the surface
increases with concentration and/or because a higher near-surface
concentration enhances the probability of adsorption. Also here, a
plateau is not achieved during the first hour of adsorption. The fre-
quency (Af;=-108 and —103 Hz for 0.33 and 0.5 mg/ml, respec-
tively) and dissipation (AD,=13x107% and 21x107° (-),
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respectively) after rinsing with buffer are similar to that at 0.1 mg/
ml, but the film morphology differs significantly.

Figures 4(c) and 4(d) show films with much larger domains,
larger average thickness as, well as greater RMS roughness (7.7 and
7 nm, respectively) at 0.33 and 0.5 mg/ml compared to 0.1 mg/ml.
The average surface stiffness (2.9 and 2.8 nN/um, respectively) and
average adhesion (47 and 28.5pN, respectively) remain small,
consistent with the full coverage of the surface with a film. At
0.33 mg/ml, there are many flat domains with a height of ~15nm
and a width of several 100s nanometers [Fig. S8(D)],%° but also a
few domains resembling deformed vesicles [Fig. S8(C)]. A further
increase of HA concentration to 0.5mg/ml yields both types of
domains but are now similarly distributed [Figs. S8(E) and S8(F)].
The cross sections show vesicles with a height of ~30-50 nm and a
width of 150-200 nm at HA concentrations at 0.33 and 0.5 mg/ml.
They are highly deformable and often unstable; so they rupture
during imaging, especially with an increase in concentration.
Interestingly, at a concentration of 0.33 mg/ml, they correlate with
high adhesion, whereas at 0.5mg/ml, they correspond to low-
adhesive domains (Fig. $9).°° This might point toward the composi-
tional change of these regions with the increase of HA content,
which reduces the interaction with the (negatively) charged tip.
(However, we cannot completely exclude the possibility that the
lipids released during vesicle rupture coated the tip, which would
also influence the interaction with the surface film.) QCM and AFM
experiments were also performed with only high MW HA (in the
absence of lipids) for reference. In this case, the adsorption of HA is
poor at concentrations <0.5 mg/ml [Figs. S10(A) and S10(B)],*° [Af,

ARTICLE avs.scitation.org/journal/bip

roughness (4.5 nm), while the average adhesion and surface stiffness
remain small (average values ~85 pN and 2 nN/um), supporting the
full coverage of the surface with a soft film. The cross sections in
Figs. S8(G) and S8(H) show the presence of deformed vesicles on the
surface, with heights of ~40 nm and widths of 200 nm or more, but
less crowded on the surface than at lower concentrations.
Interestingly, the adsorption of high MW HA at 1 mg/ml (reference,
no lipid) is promoted compared to lower HA concentrations
[Af,~ —10Hz and AD, ~2x 107 (-)], the adsorption rate is faster
[Fig. S10(C)], and leads to a homogeneous thin film.

Figure 4(f) shows that a further increase of the HA concentra-
tion to 1.5mg/ml leads to a smaller decrease (increase) of fre-
quency (dissipation) in QCM experiments [Af,~—17Hz and
AD;~32x107° (-)], which indicates that the adsorption of
lipid-HA vesicles is further hindered compared to 1 mg/ml. This
coincides with a decrease of the average film thickness and the
RMS roughness (~3.3nm) and, notably, a slight increase in the
average adhesion and surface stiffness (124 pN and 6nN/um,
respectively), which can be justified by the adsorption of a thinner
film on the surface. Furthermore, the regions with high adhesion
correspond here to high stiffness and low height, consistent with
the characteristics of the gold substrate, and hence, with the partial
coverage of the surface. The morphology of the films is also clearly
different from that at smaller concentrations (0.33-1 mg/ml), as
now, a finer network can be observed. The domains are flat and
exhibit a height of ~50 nm, but there are also a few domains with a
smaller height of ~14 nm [Figs. S8(I) and S8(J)].

Figure 5(a) summarizes the changes in frequency and dissipa-
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<8Hz, AD;<1x107° (-)], and hence, it significantly differs from tion for the investigated concentrations of high MW HA. The results g
the HA-lipid films that form in the same concentration range. are close to a stepwise reverse isotherm, i.e., an increase in concen- %
A further increase in HA concentration leads to significantly dif- tration leads to a decrease in adsorbed mass (less negative Af), with §
ferent results for HA-lipid vesicles. At 1 mg/ml, the frequency pla- a step at around 0.5 mg/ml. This isotherm type suggests the action of g
teaus are at Af,~—31Hz and AD,~ 6.1 x 10~° (=), which indicates competitive adsorption. Figure 5(b) displays the rate of frequency §
the reduction of the adsorbed mass of HA-DPPC on the gold surface change during the initial adsorption step and also reveals nonmono- ©
[Fig. 4(e)]. Consistent with QCM results, QI images at 1 mg/ml high tonic trends, suggesting the presence of at least three, if not more,
MW HA show a significant reduction of the film thickness and RMS mechanisms governing the adsorption of HA-lipid mixtures. Based
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on the DLS results, it is most likely that there is competition between
all the present structures (vesicles and their aggregates as well as free
HA), and at the very highest concentration, free HA is able to domi-
nate adsorption, leading to the observed final decrease in the adsorp-
tion rate and low adsorbed mass.

Samples prepared in NaCl buffer with deuterated water were
also investigated by QCM and AFM at HA concentrations of 0,
0.1, 0.33, and 1.5 mg/ml to confirm that the film structure is not
affected by the solvent used in the sample preparation or during
the rinsing step; representative results are shown in Fig. S11.°°
The adsorption behavior was reproduced in the buffer with deu-
terated water, except at the concentration of 0.1 mg/ml. In this
case, most of the adsorbate exhibits heights of 30-50 nm and
widths between 100 and 200 nm, but there is also a significant
aggregation of vesiclelike structures on several spots with much
greater heights (see Figs. S12 and S13).°° The adsorption behavior
of these large aggregates is not represented by the QCM results in
Fig. S11(B), which suggests that aggregation could happen after
adsorption due to vesicle motion on the surface. In contrast,
Fig. 4(b) shows the formation of a continuous but rough film on
the surface of the samples prepared in a buffer with water. The
origin of this difference has not been deciphered yet, and hence,
we consider that both scenarios are possible at low concentrations
of high MW HA.

D. Hindered adsorption of complexes of DPPC and low
MW HA

QCM measurements show a very small amount of low MW
HA-DPPC mixtures on the gold surface; Af ~2—5Hz and
AD <3 x 107 (). This can be explained by either the low adsorp-
tion of complexes due to their low affinity to gold or by their sedi-
mentation. In either case, a weaker interaction of vesicles with the
gold surface indicates that the adsorption of HA-lipid vesicles sig-
nificantly depends on the MW of HA. Representative QI images
are shown in Fig. 6 along with the QCM results at the concentra-
tion of 0.33 mg/ml, but the results at other concentrations in the
range of 0.1-1.5mg/ml are qualitatively similar (not shown).
Importantly, the adhesion maps show regions of low and high
adhesion within the structure of the adsorbed vesicles, thereby sug-
gesting the presence of gradients in composition (e.g., HA rich and
poor regions).

Hei

jht

1]
Iy 2
g -2 g.
S 4 x
o -
L -6 =)
w &
-8 s o
10 b
500 1000 1500 2000
Time (s)

IV. DISCUSSION

The influence of the MW of HA on the structure of HA-lipid
vesicles is remarkable. With low MW HA, their size is larger than
that of pure DPPC vesicles [Fig. 2(a)]. In addition, the fits to SANS
results reveal that the lipid bilayer exhibits a compression at
0.33 mg/ml compared to pure lipid vesicles, while above this con-
centration, the bilayer thickness increases. The effect of HA on
vesicle size and bilayer thickness can be justified by the distribution
of low MW HA either adsorbed onto or intercalated into the DPPC
bilayer to maximize its hydrophobic contacts. Indeed, a key feature
of the twofold helix structure of HA is its extensive hydrophobic
patch.”” Multiple studies have emphasized the dominant mechanism
of the adsorption of HA on DPPC membranes to be also of a hydro-
phobic nature**™*° and that this interaction is highly dependent on
the morphology of the HA molecule, i.e., on the number of hydro-
phobic and hydrogen bonding sites accessible to the DPPC mem-
brane.”” The intercalation of the hydrophobic motifs of HA into the
lipid bilayer has been reported by Zander et al.** MD simulations
have also revealed that low MW HA can accumulate within the con-
densed DPPC domains.”’ Simulations have also shown that the
number of hydrophobic contacts between a short HA molecule and
the DPPC membrane is far greater than the hydrogen bonds that
can form between them, as the process of forming a hydrogen bond
requires breaking a DPPC-water hydrogen bond first.”

Figure 7(a) shows schematics of the proposed intercalation of
low MW HA into the bilayer. The incorporation of low MW HA
into the bilayer could explain the observed expansion above
0.33 mg/ml. On the other hand, DPPC is zwitterionic, while HA is
negatively charged in the solution. At high sodium concentrations,
like in this study, electrostatic repulsion between the phosphate
headgroup of the lipid and the negatively charged HA is
screened,””” which reduces the electrostatic repulsion, and
thereby, favors the configuration displayed in Fig. 7(b), left. Such a
configuration would justify the compression of the bilayer. The dis-
tribution of low MW HA in the membrane is unknown, but adhe-
sion maps suggest that there are compositional gradients.

A very different bilayer structure is suggested for high MW
HA-DPPC, where a significant decrease in vesicle size and bilayer
thickness is observed at concentrations <1.5 mg/ml. This suggests
that the vesicles cannot accommodate high MW HA within the
bilayer. It is possible that the hydrophobic interaction between HA
and DPPC vesicles is not thermodynamically favorable under the

_Stiffness

2.13nN

FIG. 6. Frequency and dissipation as a function of time during the adsorption of low MW HA-DPPC mixtures at 0.33 mg/ml in NaCl buffer on gold sensors (first column),
height map (second column), surface stiffness (third column), and adhesion map (fourth column). Four overtones are shown (5, 7, 9, and 11).
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selected experimental conditions, due to the much larger entropic
cost of high MW HA to self-assemble in the membrane. In other
words, the conformational change required for HA to intercalate
into the bilayer is prohibited for high MW HA—while it is possible
for low MW HA. Figure 7(c) shows potential configurations of high
MW HA. High MW HA could assemble on the bilayer. Based on
the DLS results, HA could also interact with DPPC located in differ-
ent vesicles leading to the aggregation of several vesicles. A larger
structure comprising of a HA network with embedded vesicles could
justify the compression of vesicles leading to fluid exudation.””*
With increasing HA concentration, the probability of the interaction
between HA and DPPC should increase, which could lead to more
defective vesicles, justifying the reduction of their size.”” This config-
uration is also consistent with the vesicle aggregation observed by
DLS—and more so, with an increase in concentration. Interestingly,
QCM experiments with high MW HA-DPPC mixtures often show a
slow and steady change in Af and AD so that equilibrium is not
achieved over hours (Fig. 4). This could reflect the change of the
conformation of HA and lipids within the adsorbed film on the
sensor. Such structural changes of the film would be consistent with
the weak interaction between high MW HA and lipids. Indeed, the
absence of interactions between DPPC vesicles and high MW HA
has been reported before.'””® We also note that the reduction of the
bilayer thickness is in contradiction to previous studies.*>”"**

The fact that the bilayer compression and expansion with low
MW HA are more significant than the changes induced by high
MW HA supports that low MW HA interacts more strongly with
lipid vesicles, in agreement with previous studies.'™” One reason
might be related to the fact that at the same mass concentration in
solution, the number of HA chains with low MW is higher (2-30
times), which might promote the interaction with lipids. The
results at 1.5 mg/ml high MW HA—increase in vesicle size and
bilayer thickness after achieving a minimum at 1 mg/mL, concur-
rent with aggregation—are intriguing and call for additional inves-
tigations in the regime of high concentrations.

A. Biotribological implications

The HA-DPPC films that form at 0.1-0.5 mg/ml high MW HA
exhibit a similar structure to the amorphous layer previously
reported by Crockett et al. for DPPC and HA.®” The high roughness
(from AFM) and dissipation (QCM) of the surface films are not
consistent with a well-ordered bilayer structure, but instead with the
formation of a highly dissipative, soft, disordered lipid-HA film. The
addition of high MW HA preserves the affinity of vesicles to the
surface but enables the reorganization of lipids and HA upon inter-
action with the surface, and thereby, the formation of an amorphous
film. The increasing size of vesicles detected by DLS (50.1 +4.8,
70.5+ 8.8, 128.3+30.3 for HA concentrations of 0.1, 0.33, and
0.5 mg/ml, respectively) points toward the entanglement of vesicles
via HA, which should favor the formation of a continuous thick film
that fully covers the surface, if adsorption happens. Based on the
morphologies revealed by AFM, it is difficult to determine how
many vesicles rupture or remain intact in this amorphous layer.

It is also evident that an excess of high MW HA (~1 mg/ml)
reduces the adsorption of HA-DPPC on the gold surface and leads to
a drop in film thickness and a change in film morphology. This could
be related to the negative charge of HA, electrostatically repelled from
the surface. However, considering the high ionic strength of the
buffer, it seems more reasonable to associate the reduced adsorption
with an enhanced steric repulsion with concentration. It is also inter-
esting that SANS shows a change of vesicle structure (minimum in
size and bilayer thickness) at 1.5 mg/ml, concurrent with the different
morphology of the surface film. As described earlier, this regime of
high concentration requires further investigation.

We speculate that the formation of an amorphous layer is key
to providing hydration and efficient boundary lubrication to a
healthy articular joint. At concentrations up to 0.5 mg/ml, the films
are soft and nonadhesive. These thick films also help to maintain
some vesicles intact, i.e., to prevent, at least partially, their rupture.
Highly dissipative and nonadhesive amorphous layers have been
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hypothesized to maintain low friction at the cartilage surface. It is
to be noted that the role of intact vesicles at the articular interface
has been previously explored by Sorkin et al.”" This work correlated
the lower friction coefficient with the presence of liposomes at the
interface. Furthermore, previous reports on the effect of HA on the
surface adsorbed layers of phospholipids have demonstrated an
increase in mechanical robustness,"® which is expected to provide a
higher load-bearing capacity and wear resistance, and thereby,
more efficient boundary lubrication.

With an increase in high MW HA concentration, the film
thickness decreases, and its morphology changes, as more HA
adsorbs and more vesicles rupture. While this behavior is characteris-
tic for the formation of the HA-lipid film on gold, we can expect
that competitive adsorption between HA, lipids, and other compo-
nents in the SF, will also happen on the cartilage surface, and the
lubricious boundary layer will form at an optimal HA concentration
or concentration range. The optimal concentration could differ from
the one reported here for a simplified system, lipids and HA on gold.
It is also worth noting that the MW of HA in healthy joints can be
larger than 1 MDa (Table I). Increasing the MW of HA above the
range investigated here might induce more vesicle aggregation, and
increased adsorption of HA-lipid complexes, and thereby, thicker
boundary films. This is a hypothesis that needs to be proven, though.

The combination of QCM and AFM demonstrates that low
MW HA significantly hinders vesicle adsorption, which could also
happen on other biological interfaces. In arthritic cartilage, high
MW HA can still be present in the SF but at a much lower content
than in healthy cartilage.’” If a mixture of low and high MW HA is
present, it is reasonable to expect competitive adsorption, and
hence, low MW HA impairs the formation of the boundary layer,
and it even dominates the surface adsorption at a very low content
of high MW HA. If vesicles with low MW HA adsorb, the insertion
of HA into the lipid membranes, however, warrants that low MW
HA would contribute to reduced friction during articulation via
boundary lubrication. However, the lack or loss of the amorphous
layer is expected to negatively impact the mechanical integrity and
longevity of the boundary layer. We speculate that this may con-
tribute to the increased wear of the cartilage that has been reported
in joints diseased with OA.®>** Studies on HA itself and HA-lipid
complexes do not entirely support HA’s role in providing high
lubricity to the cartilage’s articular surface.”” Our results for low
MW HA also indicate that more focused studies combining MD
simulations and neutron reflectometry can help to shed light on
the intricate interactions between HA and DPPC vesicles and their
connection to friction and wear.

V. CONCLUSIONS

We have investigated the structural changes of HA-DPPC
mixtures as a function of HA concentration with high and low
MW, to simulate the physiologically relevant conditions that exist
in healthy and diseased joints, respectively. SANS and DLS were
used to determine the structure of HA-lipid vesicles in bulk solu-
tion, while a combination of quartz crystal microbalance and
atomic force microscopy was used to study their assembly on a
gold surface and the morphology of the films. Our results have
shown the influence of the MW and HA concentration on the size

Biointerphases 18(2), Mar/Apr 2023; doi: 10.1116/6.0002502
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and bilayer thickness of HA-lipid vesicles. Furthermore, SANS
results are consistent with the intercalation of low MW into the
bilayer, which seems to be prohibited for high MW HA. High MW
HA promotes the aggregation of vesicles, and more so, with an
increase in concentration. Upon assembly of HA-DPPC on gold
surfaces, the thickness and morphology of the surface-adsorbed
films still depend on MW and the concentration of HA. High MW
HA forms thick amorphous layers on the gold surface at concentra-
tions smaller than 1 mg/ml, which are expected to provide a higher
load-bearing capacity and wear resistance, and thereby, more effi-
cient boundary lubrication. Higher concentrations of high MW HA
also reduce surface-adsorption of vesicles, which suggests that there
is an optimum concentration for the formation of boundary films
based on the structure of HA-DPPC vesicles in the bulk. Low MW
HA greatly hinders vesicle adsorption and the formation of a thick
film. We propose that this may contribute to the increased wear of
the cartilage that has been reported in joints diseased with OA,
where low MW HA is more abundant.
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