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Abstract: Phospholipids and hyaluronan are two key biomolecules that contribute to the excellent
lubrication of articular joints. Phospholipids alone and in combination with hyaluronan have also
displayed low friction forces on smooth surfaces in micro- and nanosized tribological contacts. In
an effort to develop aqueous-based lubrication systems, it is highly relevant to explore if these
types of molecules also are able to provide efficient lubrication of macroscopic tribological contacts
involving surfaces with roughness larger than the thickness of the lubricating layer. To this end,
we investigated the lubrication performance of hyaluronan, the phospholipid 1,2-dipalmitoyl-sn-
glycero-3-phosphocholine (DPPC), and mixtures of these two components using glass surfaces in a
mini-traction machine. We compared our data with those obtained using flat silica surfaces in previous
atomic force microscopy studies, and we also highlighted insights on hyaluronan—phospholipid
interactions gained from recent simulations. Our data demonstrate that hyaluronan alone does not
provide any lubricating benefit, but DPPC alone and in mixtures with hyaluronan reduces the friction
force by an order of magnitude.

Keywords: phospholipid; hyaluronan; mini-traction machine; lubrication; friction

1. Introduction

The energy consumption due to friction and the associated costs for overcoming
friction and wear of materials are enormous. For instance, Holmberg and Erdemir found
in their analysis that 23% of global energy consumption is spent in tribological contacts,
where 20% is utilized for overcoming friction and 3% for replacing worn materials [1].
Another issue from the sustainability perspective is that the most efficient lubrication
systems are oil-based. It would thus be of high interest to find renewable and/or aqueous
lubrication systems that can perform equally well or better than oil-based ones in at
least some applications. For water-based systems, the temperature needs to be below
the boiling point of water, and the pressure in the lubricating contact should not be too
high. When looking into the possibility of using aqueous lubrication systems, one can find
inspiration from how lubrication is achieved in nature. In fact, we do not need to go further
than to our own body to find an awe-inspiring example. In mammalian articular joints,
aqueous-based lubrication allows close to frictionless motion of cartilage covered bone
ends that can in some cases maintain high performance for up to one hundred years, even
though the cartilage surface is fragile and soft. Interestingly, due to the nanostructure of
cartilage, where slow flow of water [2] affects the mechanical response [3], the measured
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Young’s modulus depends on the measurement speed as well as size and shape of the
indenter. For instance, it was found that for plane-ended indenters, the measured apparent
Young’s modulus increased from 0.1 MPa at a load of 1 N to 1.5 MPa at a load of 4 N.
The corresponding values for a spherical-ended indenter were 0.1 MPa at a load of 0.4 N,
increasing to 1.4 MPa at a load of 1.8 N [4]. A similar value of 2.6 MPa was obtained on
the microscale using AFM, whereas much lower values centred around 0.02 MPa were
obtained by AFM measurements using sharp AFM tips [5]. These latter measurements
examined the surface elastic modulus while the deformed area was small, meaning that
water more easily could flow out of the deformed area.

The measured friction coefficient in cartilage—cartilage experiments falls in the range
0.003-0.25 [6,7] up to pressures of 25 MPa. Above this pressure, cartilage may be dam-
aged [8]. The excellent lubrication is currently understood by consideration of two concepts:
lubrication synergy and hydration lubrication. Lubrication synergy arises from interactions
between different molecules that together provide better performance than either of the
single components [9-13]. Synergies can arise from different mechanisms. For instance, one
type of molecular species can orient another molecule at the interface in such a way that it
adopts conformations that allow favourable lubrication performance. This type of synergy
has been observed between cartilage oligomeric matrix protein (COMP) and lubricin, where
COMP allows lubricin to bind strongly and orient favourably at the sliding surfaces [14].
Another type of synergy arises between hyaluronan (HA) and phospholipids. In this case,
it has been reported that hyaluronan allows large amounts of phospholipids to accumulate
at the surface [15-17], and phospholipid-HA composite layers have been shown to have
better stability than pure phospholipid layers at high hydrostatic pressures [18,19]. The
fact that the structures that provide lubrication synergy are spontaneously self-assembled
is important, as it gives rise to a self-healing ability [16,20], i.e., if the lubricating layer is
worn off, it can spontaneously reform again.

The biomolecules that are implicated as important biolubricants include phospholipids,
linear polysaccharides such as hyaluronan, as well as glycoproteins with bottle-brush
structure where a protein backbone is decorated with a high density of relatively short
oligosaccharide side chains. Examples of the latter are mucins and lubricin. Clearly,
the biolubricants have vastly different structures, where the only common feature is the
presence of functional groups that interact strongly with water. For example, the headgroup
region of the phospholipids and the hydroxyl groups of the poly- and oligosaccharide
chains are all strongly hydrophilic. This leads us to the hydration lubrication mechanism,
as first envisaged by Klein and co-workers [21-23]. The strong binding of water molecules
prevents dehydration of the hydrophilic groups and retains a water layer between the
sliding surfaces. As water molecules can rapidly exchange with each other, this layer
remains easily sheared, and this facilitates low friction forces.

Early efforts to mimic the lubrication performance of synovial joints were inspired
by lubricin and thus focused on the use of bottle-brush polymer structures. Commonly,
such molecular structures were designed to contain cationic groups that allowed strong
anchoring to negatively charged surfaces, and hydrophilic side chains of, e.g., poly(ethylene
oxide) that facilitated low friction forces via the hydration lubrication mechanism [24-28].
More recent efforts are focused on mixtures of hyaluronan and phospholipids [29,30], as
well as on hydrogels that incorporate phospholipids [31,32].

In this work, we explored the use of phospholipids and phospholipid-hyaluronan
mixtures as lubricants for macroscopic glass surfaces that are hard and rough. In order
to gain insight on the difference in the lubrication performance at the macroscale and
nanoscale, we also recapitulated previous measurements of the lubrication performance
at the nanoscale for these systems. The nanoscale measurements utilized silica surfaces
that, like the glass used here, have a high content of surface silanol groups and thus surface
chemistry similar to that of glass. In addition, we report insights gained from simulations
on phospholipid bilayer-hyaluronan interactions to highlight how these two components
may provide lubrication synergies.
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2. Materials and Methods
2.1. Materials and Solution Preparation

The phospholipid 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) with purity
>99% was purchased from Avanti Polar Lipids. Hyaluronan, HA, in sodium hyaluronate
form was received as a gift from Novozymes, Denmark. It had a mean weight average
molecular weight of 6.2 x 10° g/mol and a polydispersity characterized by My /My = 1.9
as determined by asymmetric flow field-flow fractionation. Chloroform (99.97%) was
bought from Fisher Chemicals, Stockholm, Sweden, and phosphate-buffered saline (PBS)
was obtained from Sigma-Aldrich, Stockholm, Sweden. The 0.01 M phosphate buffer
with pH 7.4 also contained 0.137 M NaCl and 0.0027 M KCI. All solutions were prepared
using deionized Milli-Q water (Millipore, Stockholm, Sweden) with resistivity larger than
18 MQ)-cm at 25 °C.

Dispersions of small DPPC vesicles in PBS were prepared as follows. First, DPPC
powder was dissolved in chloroform to the concentration of 5 mg/mL. Then, 12 mL of this
solution was transferred into a 100 mL round-bottom flask for vacuum rotary evaporation
(Heidolph, Schwabach, Germany) at 40 rpm and pressure of 300 mbar, while the water bath
used for evaporation was kept at 55 °C. This left a thin DPPC film on the flask wall after
chloroform evaporation. After the rotary evaporation, the flask was put into a vacuum
oven (Binder VD 53, city, Tuttlingen, Germany) at 25 °C overnight to remove residual
chloroform. The resulting DPPC film was dispersed in PBS, pH 7.4, to obtain a Img/mL
DPPC dispersion. The DPPC dispersion was placed into an ultrasonic bath (Bandelin
Sonorex Digitec, with frequency 50-60 Hz) at 55 °C and sonicated for about 4-5 h until the
dispersion became almost transparent. The ready dispersion of DPPC vesicles was kept
refrigerated until the day of use, but no longer than 1 week. Shortly before use, the DPPC
vesicle solution was sonicated again at 55 °C for about 1 h and kept in a water bath at 55 °C
until used the very same day. The DPPC vesicle size distribution was characterised after
the final sonication.

The HA solution was prepared by dissolving sodium hyaluronate powder in PBS to
the concentration of 1 mg/mlL, assisted by heating to 55 °C and gentle stirring.

A mixture of DPPC and HA was prepared by slowly adding equal volumes of 55 °C
warm solutions of 1 mg/mL DPPC and 1 mg/mL HA solutions into a beaker that was then
gently vortexed.

2.2. Molecular Modelling

The dimeric structural elements of hyaluronan (PubChem) [33] were assembled to
obtain one chain with 8 dimeric units, giving a chain with molecular weight of about
3 kDa. The model of the DPPC bilayer was adopted from Yeghiazaryan et al. [34]. This
model DPPC bilayer contained 288 phospholipids, which were properly equilibrated in the
simulation prior to adding the HA molecule at the membrane surface. Periodic boundary
conditions were applied to create an “infinite” bilayer. The time step was set to 2 fs. The
TIP3P water model [35] was used together with the AMBERO3 force field [36]. For the
isobaric-isothermal ensemble (NPT), all-atom simulations were performed under the same
conditions: temperature 310 K (physiological), pH = 7.0 and 0.9% NaCl aqueous solution
(56 Na™ cations and the corresponding number of anions to achieve electroneutrality).
Simulations were carried out for 45 ns to collect the data from the system’s equilibrium
state, which was reached after approximately 25 ns. The Berendsen barostat [37] and
thermostat with a relaxation time of 1 fs were used to maintain constant pressure and
temperature. To minimize the influence of rescaling, YASARA does not use the strongly
fluctuating instantaneous microscopic temperature and pressure to rescale velocities at
each simulation step (classic Berendsen thermostat). Instead, the scaling factor is calculated
according to Berendsen'’s formula from the time average temperature.
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Hydrogen Bond Identification

We utilized the YASARA definition of a hydrogen bond, where it is regarded to be
formed when the hydrogen bond energy is greater than 6.25 kJ /mol, which is 25% of the
optimum value of 25 kJ/mol [38]. The following formula yields the bond energy in k] /mol
as a function of the hydrogen-acceptor distance and two scaling factors:

2.6 — max(Disg_,2.1)
0.5

EHB =25 'SCHZED,H,A-SCIZZ(ZH,A,X (1)
where the first scaling factor depends on the angle formed by Donor-Hydrogen-Acceptor,
and the second scaling factor is derived from the angle formed by Hydrogen-Acceptor-X,
where the X stands for the atom covalently bound to the acceptor.

Both scaling factors change linearly from 0 to 1 as follows:
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The values of the angles have been presented in the work of Beldowski et al. [39].

The structures of the repeating dimeric unit of hyaluronan and of DPPC are shown
in Figure 1. The oxygen atoms are numbered and used when describing hydrogen bond
formation between hyaluronan and DPPC.
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Figure 1. The structure of hyaluronate (top) and DPPC, (bottom). Hyaluronan consists of repeating
units of D-glucuronic acid, GCU, and N-acetyl-D-glucosamine, NAG. Hyaluronan predominantly
exists in anionic hyaluronate form at the pH found in the synovial fluid where the hydrogen on O6 is
released. The numbers are assigned to the oxygen atoms and used when discussing hydrogen bond
formation between specific atoms.

2.3. Atomic Force Microscopy

Friction forces between a silica colloidal probe and a silica surface in the presence of
DPPC, and in some cases also hyaluronan, were determined at the nanoscale using atomic
force microscopy. The AFM utilized was a Multimode Nanoscope III Pico Force (Bruker,
Billerica, MA, USA). The colloidal probe was glued to tipless cantilevers (CSC12-F, Micro-
Masch, Tallinn, Estonia) using a two-component epoxy glue (Huntsman, Duxford, UK), an
Eppendorf Micromanipulator 5171 and a Nikon Optiphot 100S microscope. Measurements
were carried out in a fluid cell (MTFML, Bruker, Billerica, MA, USA) at a temperature of
about 47 °C, i.e., above the chain melting temperature of DPPC. At each load, the friction
force was determined as the surfaces were sliding against each other forwards and back-
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wards 10 times at the same position, using a sliding distance of 1 pum and a sliding speed in
the range of 400 nm/s~! um/s in different experiments. Further details can be found in
previous publications [15-17].

2.4. Mini-Traction Machine

A Mini-Traction Machine (MTM) from PCS Instruments, UK, was used for investi-
gating friction forces and friction coefficients between glass surfaces lubricated by DPPC
and/or HA. The friction forces were measured between a borosilicate glass ball with di-
ameter of 19.05 mm (3/4”) and a borosilicate glass disc with diameter of 50 mm, which
were produced by PCS Instruments and designed specifically for MTM measurements.
The MTM instrument was used in full sliding mode, in which the ball was kept immobile
(“pin-on-disc” instrument setting) and the disc was rotating. The ball and disc were first
cleaned with 2 wt% Deconex 20 NS-x for 1 h, rinsed with Milli-Q water and ethanol, and
then treated with air plasma for 5 min. Lubricant solution, 15 mL, was poured into the
MTM reservoir, and adsorption was allowed to proceed for at least 15 min (DPPC) or at
least 30 min (hyaluronan and DPPC-hyaluronan mixtures) prior to measurements. The
sliding speed was set to 10 mm/s. Three loads were applied in the sequence 5 N, 10 N and
again 5 N. The friction coefficient was recorded for 5 min at each load. The experiments
were performed at 47 °C, i.e., at the same temperature as used in the AFM experiments, if
not otherwise stated.

2.5. Dynamic Light Scattering

Dynamic light scattering measurements (Zetasizer, Malvern Instruments, Malvern,
UK) were used to determine the hydrodynamic size distribution of the DPPC vesicles
used as lubricants in the MTM measurements. The typical hydrodynamical diameter of
the vesicles was found to be 50-60 nm, which is slightly lower than the 70 nm reported
previously [15].

2.6. Profilometry

A profilometer was employed to measure the surface roughness of the silica disc used
in MTM measurements. The profilometer used was a DektakXT Stylus Profiler produced
by Bruker, Billerica, MA, USA, In the profilometer, a diamond stylus is used to trace the
surface profile.

3. Results
3.1. Molecular Modelling of Interactions between HA and DPPC

We have investigated molecular interactions between hyaluronan and DPPC bilayers
in aqueous solutions using molecular dynamics simulations [39]. The simulations allowed
us to identify hydrogen bonding sites, direct and water-mediated, between HA and the
headgroup of DPPC as well as hydrophobic interaction sites. In this section, we repeat
the main findings from the simulation, and refer the interested reader to our previous
publication [39] for additional details.

Our simulations indicated affinity between HA molecules and the DPPC bilayer. HA
was adsorbed at the DPPC bilayer surface throughout the simulation by hydrophobic
interactions and formation of hydrogen bonds.

As seen in Figure 2, hydrogen bonds between HA and the DPPC bilayer are preferen-
tially formed by the hydroxyl oxygens HA-O1, HA-O2, and HA-O10, with some H-bonds
also involving HA-O8 (hydroxyl group), HA-O3 (ether group), and HA-N (amide group).
Thus, the hydroxyl oxygens of HA that can donate a hydrogen atom participate in most
direct hydrogen bonds with DPPC. The HA-O10 participates in most hydrogen bonds, as it
experiences the least steric hindrance. The most prominent hydrogen bond acceptors of the
phospholipid are DPPC-O3 and DPPC-04, associated with the phosphate group. However,
we also observed some H-bonds with DPPC-O6 and DPPC-OS8, located next to the acyl
chains. Thus, it is clear that HA partly penetrates the headgroup region of the DPPC bilayer.
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Some direct hydrogen bonds, marked as dashed greenish lines, are illustrated in the middle
part of Figure 2, and water-mediated hydrogen bonds are illustrated in the same manner in
the bottom part of Figure 2.
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Figure 2. Top: Map of number of HA-DPPC hydrogen bonds between different atom classes in
HA shown on the y-axis and DPPC shown on the x-axis in NaCl solution (see Figure 1). These are
all the H-bonds found during the simulation after equilibration (the last 20 ns of the simulation).
Copyright (2019), with permission from Elsevier [39]. Middle: A snapshot illustrating hydrogen
bonds (green dashed lines) between HA (represented by ball-stick model) and DPPC (represented
by stick model). Atoms are presented by colours as follows: oxygen—red, carbon—turquoise,
hydrogen—white, phosphorus—yellow, nitrogen—dark blue. Bottom: A snapshot illustrating water-
mediated hydrogen bonds (green dashed lines) between HA and DPPC. In the middle and bottom
panels, parts of the HA and DPPC structures are hidden for better visualization of hydrogen bonds
inside the complex.

Hydrophobic contacts between CH, and CHj3 groups of HA and DPPC were also
found during the simulation. In fact, the number of hydrophobic contacts was found to be
an order of magnitude larger than the number of hydrogen bonds [39]. Thus, hydrophobic
contacts are essential for the HA-DPPC association, and we suggest that the hydrogen
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bonds formed between DPPC and HA mainly contribute to the stability of the structure by
compensating for lost hydrogen bonds with water when the HA molecule is close to the
DPPC bilayer surface.

3.2. Nanoscale Friction

The nanoscale friction forces between silica surfaces coated with a DPPC bilayer and
in the presence and absence of hyaluronan have been studied with AFM and reported
previously [15-17]. Some relevant findings are summarized here to allow easy comparison
with the friction results at the macroscale as reported in the Section 3.3. As illustrated in
Figure 3, the friction force between DPPC bilayer coated surfaces was very low. The friction
coefficient was in the range 0.01-0.03 up to the highest load explored, which corresponded
to a pressure of about 50 MPa. Even lower friction coefficients have been reported for
phospholipid vesicles on mica up to a pressure of 3-5 MPa [40]. The low friction force
was due to the strong hydration of the DPPC headgroup, which supported a short-range
repulsive hydration force. Thus, the hydration lubrication mechanism [20,21] was operative,
where a thin separating water layer strongly bound to the phospholipid headgroup was
nevertheless easily sheared, thus sustaining low friction forces.

3

Friction force (nN)
-

0 10 20 30 40 50
Load (nN)
Figure 3. Friction force as a function of normal load. Data for DPPC bilayers on silica (unfilled
circles) as well as for an adsorbed layer formed after 40 min adsorption from a 155 mM NaCl solution
containing 0.5 mg/mL DPPC and 0.5 mg/mL hyaluronan, followed by rinsing (red filled circles).
Additionally illustrated is one friction measurement depicting high friction force at a normal force of

10 nN (black triangles). The temperature was 47 °C. The upper and lower dashed lines have a slope
of 0.03 and 0.01, respectively.

Adsorption from an aqueous mixture of DPPC and hyaluronan likewise gave rise
to low friction forces with a friction coefficient below 0.01 (Figure 3), which is similar to
what is found in synovial joints [41]. However, the undisturbed structure of the adsorbed
DPPC-hyaluronan layer was less homogeneous than that achieved with DPPC alone, as
revealed by gentle AFM imaging in aqueous solution [17]. This has some consequences for
the friction force, as illustrated in Figure 3. Here, one can notice one sudden friction peak
at a load of 10 nN, after which the friction force returns to a very low value. Such friction
peaks have been assigned to sudden structural changes in the adsorbed layer due to the
combined action of load and shear, which presumably leads to formation of DPPC bilayer
structures separated by easily sheared water layers [19]. These structural changes give rise
to energy dissipation that shows up as a peak in the friction force data. More information
about the boundary lubrication of DPPC in the absence and presence of hyaluronan can
be found in our previous works [11,15-17]. We note that the synergistic effect reported for
DPPC mixed with hyaluronan at the nanoscale was related to the ability of hyaluronan to
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facilitate accumulation of DPPC at the surfaces [15,16], whereas the actual friction force
was similar in the absence and the presence of hyaluronan.

3.3. Macroscale Friction

It was far from obvious that the very low friction forces found at the nanoscale in
AFM measurements also could be achieved at the macroscale. This was due to the fact
that the adsorbed layer, including the hydration layer that facilitated the low friction force,
was only a few nm thick. In this section, we report the macroscale friction results obtained
using a mini-traction machine. In these measurements, we utilized glass surfaces that were
similar to the silica surfaces used in the nanoscale friction measurements evaluated with
AFM. The glass surfaces utilized in the MTM measurements were relatively fragile, so,
unlike in the AFM measurements, we needed to consider wear of the substrate surfaces,
which limited the load that could be applied. First, we determined the friction forces in the
PBS solution. Next, friction forces in the presence of the two lubricants, hyaluronan and
DPPC, separately were evaluated. As the last step, we explored a combination of DPPC
and hyaluronan to learn if there were any synergistic or antagonistic lubrication effects at
the macroscale.

3.3.1. Friction in PBS Solution in Absence and Presence of Hyaluronan

The friction coefficients obtained in phosphate buffered saline solution are reported in
Figure 4, left. Here we first used a load of 5 N, then increased the load to 10 N, and finally
again evaluated the friction at the load of 5 N. The friction coefficient was in all cases high,
slightly above 1, and this was the baseline that the biolubricants needed to improve.

1.2
1.0 4
:
(]
'S 0.8 + ‘S 0.8 T
£ - 5N 5 - 5N-1
g o6 T PBS solution -10N-2 806 T PBSsolution with HA - 10N-2
< - 5N-3 c - 5N-3
o o
Bo4T 504 1
= =
L [N
0.2 + 0.2 +
0.0 + + } + t 0.0 + + + + +
0 50 100 150 200 250 300 0 50 100 150 200 250 300
Time (s) Time (s)

Figure 4. Friction coefficient between borosilicate surfaces across PBS solution (left panel) and across
PBS solution containing 0.5 mg/mL HA (right panel) as a function of time. Numbers 1, 2 and 3
displayed after the load (5 N or 10 N) report the order in which the load was applied.

The addition of 0.5 mg/mL hyaluronan to the PBS solution had essentially no effect on
the friction forces, as evident by comparing the data reported in the two panels of Figure 4.
This was expected since hyaluronan does not adsorb to silica surfaces as judged by quartz
crystal microbalance measurements [15].

3.3.2. Friction in PBS Solution Containing DPPC Vesicles

DPPC vesicles readily adsorb to silica surfaces, where they break to form a bilayer
coating [15]. Thus, when the borosilicate ball and disc were bathed in the 0.5 mg/mL DPPC
vesicle containing PBS solution, DPPC bilayer formation on both surfaces occurred. Thus,
if the wear resistance of these layers is sufficient, one would expect a change in friction
force compared to that observed in pure PBS solution. Indeed, the data reported in Figure 5
showed a friction coefficient of about 0.1 both at a load of 5 N and 10 N. Thus, the presence
of DPPC in the form of bilayers on the surface with the reservoir of DPPC vesicles in the
surrounding solution resulted in a reduction in the friction force by an order of magnitude.
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Even though this was a significant friction reduction, the magnitude of the friction force
recorded in the MTM experiment was significantly larger than found by AFM. We will
come back to this observation in the Section 4.

0.20

Friction coefficient

0.00 + } } + +

Figure 5. Friction coefficient between macroscopic borosilicate surfaces across PBS containing
0.5 mg/mL DPPC vesicle dispersions. Numbers 1, 2 and 3 displayed after the load (5 N or 10 N)
report the order in which the load was applied. The dotted line corresponds to a friction coefficient of
0.02, similar to what was observed for DPPC bilayers at the nanoscale.

From the data reported in Figure 5, we note that the friction coefficient remained
low throughout the experiment, suggesting that the lubricating DPPC bilayer remained
intact. This was rather surprising since the DPPC bilayers were held together by weak
intermolecular forces. To gain further insight into the stability of the layer during sliding
under load, we carried out experiments where the DPPC vesicle solution was allowed to
adsorb on the surfaces for at least 15 min. Next, the DPPC vesicle solution was replaced by
a pure PBS solution while keeping the surfaces under water at all times. Thus, we now had
a DPPC bilayer on the surfaces but no DPPC vesicles in the solution. The results of these
measurements are reported in Figure 6.

1.2

1.0

0.8

0.6

0.4

Friction coefficient

0.2 +

0.0 } } + } }
0 50 100 150 200 250 300

Time (s)

Figure 6. Friction coefficient between borosilicate surfaces carrying a preadsorbed DPPC bilayer
across PBS solution. Numbers 1, 2 and 3 displayed after the load (5 N or 10 N) report the order in
which the load was applied.
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During the first measurement at a load of 5 N, the friction coefficient was initially well
below that of the bare surfaces. However, the friction coefficient increased with time, and
large amplitude stick-slip events were observed. After about 250 s, the friction became
similar to that observed for the bare substrates. The subsequent measurements at a load of
10 N and again at 5 N were indistinguishable from what was observed for bare surfaces
(compare Figures 4 and 6). Clearly, the adsorbed DPPC bilayer rapidly wore off due
to the combined action of load and shear. The fact that the friction remained low for a
prolonged time when vesicles were present in solution (Figure 5), but not in the absence
of such vesicles (Figure 6), emphasized the importance of self-healing. Clearly, the DPPC
layer suffered from wear (Figure 6). However, in the presence of DPPC vesicles in the
solution, DPPC adsorption to the worn areas rapidly occurred, allowing for sustained low
friction. Such self-healing properties are feasible when the lubricating layer is formed by a
spontaneous self-assembly process. Interestingly, on the nanoscale, self-healing of DPPC
bilayers was also observed for preadsorbed layers on silica, i.e., in the absence of DPPC
vesicles in solution [16]. This was presumably due to the much smaller wear scar in AFM
measurements.

3.3.3. Friction in PBS Solution Containing DPPC Vesicles and Hyaluronan

Adsorbed layers formed from solutions containing both DPPC vesicles and hyaluronan
were less homogeneous than those formed by DPPC vesicles alone [17]. Nevertheless, low
friction forces were obtained at the nanoscale, except for sudden peaks occurring as the
layers reorganized (see Figure 3). The same experiment carried out at the macroscale using
the MTM instrument is reported in Figure 7.

Friction coefficient

0 50 100 150 200 250 300 0 50 100 150 200 250 300
Time (s) Time (s)

Figure 7. Friction coefficient between borosilicate surfaces across a DPPC/HA mixture as a function
of time. The DPPC concentration was 0.5 mg/mL and the HA concentration was also 0.5 mg/mL.
Two sets of experiments are shown. Numbers 1, 2 and 3 displayed after the load (5 N or 10 N) report
the order in which the load was applied. The black dotted line corresponds to the friction coefficient
of 0.02, similar to that observed at the nanoscale.

The first measurement at a load of 5 N initially gave a relatively high friction coefficient
with marked stick-slip amplitudes (see Figure 7). With time, the friction force decreased and
the stick-slip behaviour became less pronounced. This differed from the much smoother
curve and lower friction observed for DPPC alone (Figure 5). When the load was increased
to 10 N, a similar behaviour was observed, i.e., the friction coefficient decreased with time,
and some large friction peaks were observed. However, when the load was decreased again
to 5N, a consistent low friction was observed with a magnitude similar to that obtained
with DPPC alone. Thus, after a run-in period where the layer restructured and presumably
became more homogeneous with DPPC bilayer structures on the surface, a low friction
force was also obtained in the solutions containing mixtures of DPPC and hyaluronan. This
was qualitatively similar to the observations at nanoscale. However, at nanoscale, the peaks
in the friction force due to restructuring of the layer occurred less frequently due to the
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smaller surface area probed. Again, the value of the friction coefficient at the nanoscale
was significantly lower than that on the macroscale.

We also performed experiments where first a composite layer of DPPC and hyaluronan
was formed by adsorption from a solution containing 0.5 mg/mL DPPC vesicles and
0.5 mg/mL hyaluronan. Next, the bulk solution was replaced by PBS, and then the
friction forces were evaluated. Thus, in this case we had a preadsorbed layer of DPPC and
hyaluronan, but these molecules were absent in bulk solution. The data obtained (Figure 8)
were rather similar to those recorded for DPPC bilayers in PBS solution (Figure 6). The
first measurement at a load of 5 N started with a low friction force. However, as the layer
eroded, pronounced stick-slip peaks were observed, and after about 200 s, the friction
coefficient was very similar to that obtained for bare surfaces in PBS solution. Thus, also for
composite layers of DPPC and hyaluronan, it was essential to have the lubricants present
in solution to achieve self-healing properties and a sustained low friction force.

1.2

Friction coefficient

0.0 } } + + +
0 50 100 150 200 250 300

Time (s)

Figure 8. Friction coefficient between borosilicate surfaces carrying a preadsorbed DPPC-HA com-
posite layer across PBS solution. Numbers 1, 2 and 3 displayed after the load (5 N or 10 N) report the
order in which the load was applied.

3.3.4. Effect of Temperature

AFM measurements at the nanoscale resulted in low friction coefficients, <0.02, be-
tween surfaces coated with DPPC bilayers in the temperature interval 25 °C to 52 °C [16].
We note that X-ray reflectivity measurements have shown that supported DPPC bilayers
were in the gel phase up to 39 °C and in the liquid disordered state at 55 °C [16], and
free hydrated DPPC bilayers were in the liquid disordered state above 41 °C [42]. Thus,
it appears that the state of the acyl chains had no major impact on the lubricating ability
at the nanoscale even though it has been reported that the more brittle gel phase is more
prone to wear failure at high loads [16].

Likewise, no major impact of the temperature in the range 25-52 °C on the friction
coefficient was observed on the macroscale in experiments with the MTM instrument (see
Figure 9). Thus, we conclude that low friction forces can be achieved with DPPC vesicle
solutions both above and below the transition temperature to the liquid disordered phase
also on the macroscale.
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Figure 9. The friction coefficient as a function of temperature measured in MTM in pure PBS solution
and in PBS containing HA or DPPC vesicles at concentrations of 0.5 mg/mL.

4. Discussion

It is far from easy to compare measurements of friction forces at the nanoscale and
at the macroscale. The main reason for this is that the different techniques that were
utilized have different restrictions on the loads and sliding speeds that can be applied. The
roughness of the surfaces used was also different. In Table 1, we summarize the conditions
used in the AFM and MTM measurements. It should be noted that in the MTM, the lowest
possible load was applied, and in the AFM, weak springs were needed in order to accurately
determine the weak friction forces, which limited the load that could be applied.

Table 1. Comparison of conditions during macroscale and nanoscale friction measurements.

MTM AFM
Ball diameter (mm) 19.05 0.010
Rms roughness (nm) 12.9* 0.2**
Load (N) 5and 10 up to5 X 10-8
Sliding speed (mm/s) 10 0.002
Average pressure (MPa) 160 and 210 up to 54
Contact area (um?) 3000 and 4900 9.3 x 107*

2x1070and 1 x 10~10 8 x 10710

* Measured with stylus profilometer; ** Measured with AFM.

Hersey number

The data given for the AFM measurements are typical values, and they can vary
somewhat in different studies. However, it is clear that the sliding speed and the applied
load were orders of magnitude larger in the MTM than in the AFM.

4.1. Conversion of Force to Pressure

The conversion of load to pressure was calculated using the Hertz model [43,44],
which is appropriate for elastic deformations under conditions when the adhesion force is
low compared to the applied force. The calculations utilized the following equations:

3RE\ 3
= <4E* ) @
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P= P ®)
In the calculations, we used the elastic modulus (E = 72 GPa) and Poisson’s ratio
(v = 0.17) appropriate for silica. Here, a is the radius of the contact formed as a result
of the load, R the radius of the ball, and F the load applied normal to the surface. The
pressure, P, calculated here is the average pressure over the contact area. In reality, the
pressure varies over the contact area, and, of course, the pressures at the asperity contacts
are significantly higher. Nevertheless, we note that the pressure applied was high compared
to the maximum pressure that the mammalian synovial joint can withstand (=25 MPa) [8].
We also see from Table 1 that the pressure in the macroscale measurements in MTM was a
factor of 3 to 4 higher than the maximum pressure utilized in the nanoscale measurements
employing AFM.
We also estimated the dimensionless Hersey number (He) according to:
Vi

He = /2 (6)

Here, V is the sliding speed, 7 the liquid viscosity, and L/2a the load per unit length
of contact. The very low values of the Hersey number in both MTM and AFM, combined
with relatively low surface roughness, suggest that measurements were performed in the
boundary lubrication regime.

4.2. Comparison of Microscale and Macroscale Friction Data

Amontons’ first rule of friction states that the friction force, Fy, is proportional to the
normal force (load) applied to the sliding surfaces:

Ff = uF @)

This agrees fairly well with the nanoscale measurements shown in Figure 3 and with
the observation that the friction coefficient (i) was the same (Figure 4) or similar (Figure 5)
ataload of 5 N and 10 N in the macroscale measurements. However, Equation (7) is not
a law of nature, and many deviations from this rule are observed, e.g., when there is a
strong adhesion between the sliding surfaces [45] or when the main energy dissipating
mechanism changes with load [10,28,46].

One reason why the friction coefficient in the presence of DPPC was higher in the
macroscale measurements, 0.08-0.1 in Figure 4, than in the nanoscale measurements,
0.01-0.03 in Figure 3, could thus be that the main energy dissipative mechanism was
different. In the nanoscale measurements, the hydration lubrication mechanism was
operative, and sliding occurred in the water layer separating the very flat DPPC bilayer-
coated surfaces [16]. A low friction coefficient was also observed on the macroscale,
suggesting that hydration lubrication still played a major role. However, the higher
pressure and the rougher surface (see Table 1) used in these measurements suggested the
possibility that the adsorbed lubricant layer may constantly be destroyed and reformed,
which would add an additional energy dissipative mechanism. If this were the case, then
DPPC bilayer-coated surfaces in the MTM measurements would rapidly wear off and
lose their lubrication performance if DPPC was not present in the bulk phase. Indeed,
this is exactly what we observed, as reported in Figures 6 and 8. In contrast, in AFM
measurements the bilayer of DPPC was not destroyed under the loads reported in Figure 3,
but this occurred at higher pressures [16]. Thus, we identified the additional energy
dissipative mechanism in the MTM measurements as being due to erosion and reformation
of the lubricating layer.

We note that favourable lubrication in the macroscopic MTM measurements was
achieved with DPPC bilayers of thickness of about 4 nm even though the rms roughness
of the surface was about a factor of 3 larger than the thickness of the lubricating layer.
In aqueous lubrication studies at the nanoscale with bottle-brush polymer lubricants, it
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was also noted that friction forces increased with increasing surface roughness, where the
roughness was created by surface attachment of 12 nm silica spheres [26].

4.3. Improved Lubrication with Time

In tribo-engineering applications, it is commonly observed that a certain time is
required before a stable low friction force is established. This is often referred to as “run-in”.
The run-in is caused by several mechanisms, including initial wear of the sliding surfaces,
changes in surface composition and microstructure, surface reactions and formation of
tribofilms [47]. In this work, we also observed a run-in period when mixtures of DPPC
and hyaluronan were used as lubricants. This was due to structural rearrangements of
the lubricating layer due to the combined action of load and shear. In particular, the large
aggregates that initially were found on the surface [17] were suggested to be converted to
bilayer-like structures that sustained low friction forces due to the hydration lubrication
mechanism. A clear illustration of this is seen in Figure 7, where an initial high and erratic
friction with time developed into a low and stable lubrication performance.

We note that in a work of Drummond et al. [48], it was observed that the friction
between triblock copolymers strongly anchored to molecularly smooth mica surfaces was
higher when the layer had nanoscale roughness compared to when the layer was smooth.
For the strongly surface-attached triblock copolymers, no change in friction with time was
noted, suggesting that the structural inhomogeneity remained under load and shear. This
is clearly different compared to our case, where weak intramolecular forces holding the
surface-attached hyaluronan-DPPC aggregates together were easily broken, which allowed
for structural rearrangements during the run-in period.

A run-in period is commonly observed also in other aqueous lubrication systems,
including thin polysaccharide layers, where sliding leads to conformational changes of the
polymer layer [49]. Run-in periods are also observed in aqueous systems without polymers,
as can be exemplified by water-phosphoric acid mixtures [50], where a tribofilm develops
with time, and in aqueous solutions containing nanosheets of black phosphorus [51], where
the sheets presumably align with time.

4.4. Synergies between DPPC and Hyaluronan

It is now a common understanding that the excellent lubrication in synovial joints
is not due to one particular molecule, but rather due to synergies between several
biolubricants [9,12,14,52]. Similar lubrication synergies are also common between synthetic
molecules used for aqueous lubrication [10,53,54]. On the nanoscale, a synergy in lubrica-
tion between DPPC and hyaluronan has been described, and this is also seen in Figure 3.
This synergy is related to the interactions between DPPC and HA, as described in the
beginning of this article and in more detail elsewhere [39]. It has also been noted that larger
amounts of lubricants can accumulate on the surfaces when both DPPC and hyaluronan are
present compared to DPPC alone [17]. Further, DPPC-hyaluronan layers are more stable
under high hydrostatic pressure than DPPC layers alone [18].

In this work, we explored DPPC vesicle solutions both in the presence and in the
absence of hyaluronan. After a run-in period, both systems provided similar friction
coefficients. Thus, the synergies observed on the molecular level did not translate into
a synergistic effect at the macroscale. This further implies that the stabilizing effect of
hyaluronan was insufficient to significantly prevent wear and reformation of the lubricating
layer. This is also observed in Figures 6 and 8, where erosion of preadsorbed DPPC—
hyaluronan layers (Figure 8) occurred on the same time scale as for DPPC layers alone
(Figure 6).

4.5. Aqueous Lubrication

In the context of developing less harmful industrial processes, it would be beneficial
to replace oil-based lubricants with aqueous lubrication systems. This seems to be feasible
in low-temperature /low-pressure applications. In this work, we found inspiration from
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the lubrication of synovial joints, where phospholipids and hyaluronan are important
biolubricants. On the surfaces we tested, the hyaluronan alone did not provide any benefit,
whereas DPPC alone or in combination with hyaluronan reduced the friction coefficient by
one order of magnitude up to a temperature of more than 50 °C (Figure 9) and a pressure
of up to just above 200 MPa (Table 1). Thus, in applications where such mild conditions
are used, phospholipid-based aqueous lubrication systems may be a useful alternative.
Therefore, it is worthwhile to further explore this in more detail and also consider issues
such as wear and corrosion.

Other aqueous lubrication systems that have been inspired by biolubricants are bottle-
brush polyelectrolytes, mimicking the overall structure of lubricin and mucins. The most
studied of these synthetic bottle-brush polyelectrolytes contain cationic groups that provide
strong anchoring to negatively charged surfaces and hydrophilic side chains that facilitate
the hydration lubrication mechanism [24,25,27,28,46,55]. For instance, in the work of
Liu et al., friction coefficients of 0.03-0.04 up to a pressure of 50 MPa were achieved [28].
That work also summarized data from several other studies of bottle-brush polyelectrolytes
in terms of achieved friction coefficients and explored pressure ranges.

Another approach that attained very favourable lubrication in aqueous media was to
utilize nanosized sheets of black phosphorus modified by reaction with sodium hydrox-
ide [51]. After a run-in period, a friction coefficient of well below 0.01 was observed up to
pressures slightly above 900 MPa. This excellent performance was attributed to strongly
bound water, i.e., to the hydration lubrication mechanism. Such favourable lubrication
was even achieved on rough surfaces (rms ~ 190 nm). In another work, Li and co-workers
reported similarly very low friction forces after a run-in period in aqueous phosphoric acid
solutions at low pH up to a pressure of 1.6 GPa [50]. This was attributed to formation of
a hydrogen-bonded network of phosphoric acid hydrates on the sliding surfaces. Taken
together, the results reported for aqueous lubrication systems indeed suggest that they
might be an alternative to oil-based lubrication for low-temperature/low-to-moderate
pressure applications.

5. Conclusions

We investigated the lubrication performance of solutions of hyaluronan, the phos-
pholipid DPPC, and mixtures of the two on macroscopic rough glass surfaces using a
mini-traction machine. We found a friction coefficient of about 0.1 for both DPPC alone
and DPPC-hyaluronan mixtures at pressures of up to 200 MPa. This friction coefficient
was an order of magnitude lower than that found in pure buffer solution. In contrast, the
solution with hyaluronan alone did not provide any lubrication benefit and thus performed
no better than the buffer solution. These observations were qualitatively similar to what
has been observed on flat silica surfaces in nanoscopic experiments performed by AFM.
However, quantitatively, we noted an order of magnitude higher friction coefficients on the
rough surfaces at macroscale compared to those on the smooth surfaces at nanoscale.

For mixtures of hyaluronan and DPPC, the favourable lubrication is achieved after a
run-in period under which the initially heterogeneous layer restructures, presumably into
DPPC bilayer structures separated by easily sheared water layers. Similar, but less pro-
nounced, restructuring effects have previously been observed in nanoscale experiments. In
particular, in our macroscale experiments, we found no synergistic effects between hyaluro-
nan and DPPC, but such effects could possibly occur at higher pressures as hyaluronan has
a stabilizing effect on DPPC bilayers.

Experiments with preadsorbed layers, i.e., in absence of the lubricants in bulk solution,
demonstrated a rapid deterioration in lubrication performance as the lubricating layer
was eroded. The strong contrast between measurements in the presence and absence of
lubricants in solution provided evidence for a self-healing ability of the lubricating layer
when the lubricants were present in solution. Thus, in this case, it was clear that once the
layer was worn off, it rapidly reformed by adsorption from solution to provide stable low
friction. We suggest that the higher friction coefficient observed for the macroscopic and
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rough surfaces, compared to reported results for smooth surfaces in nanoscopic contact, was
partly related to energy dissipation during erosion and reestablishment of the lubricating
layer. Of course, the higher surface roughness itself also contributed to this observation.

The order of magnitude reduction in friction in the presence of DPPC and DPPC-
hyaluronan mixtures on surfaces with roughness larger than the thickness of the adsorbed
layer is promising for the use of these components as aqueous lubricants in low-temperature
applications up to pressures of a few hundred MPa. Thus, we suggest that aqueous
lubrication systems have high potential in selective applications, but that the issues related
to wear performance and possible corrosion effects have to be considered.
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