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To slide surfaces against each other with application of a minimum force and minimum wear has been

important since ancient times, and it remains equally important today. The use of oil-soluble lubricants
is widely spread in technology, whereas living organisms have developed water-soluble lubricants to
facilitate sliding motions. In this perspective article we focus on water-based lubrication in the boundary
lubrication regime, and particularly lubrication synergies. This focus has, of course, found inspiration

Received 24th May 2017, from the outstanding lubrication properties of synovial joints. It has ignited significant amount of

Accepted 19th June 2017 research, mostly aimed at answering the question: Which molecule is the magic biolubricant? Different
research groups have advocated different answers, and the debate has been intensive. In this article we

argue that the question in itself is inappropriate. The relevant question is rather the following: How do
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1. Introduction

Liquid water has ever since simple life forms appeared on the
earth about 3.7 billion years ago been the medium in which the
chemistry of life takes place. Thus, even though water from an
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molecules work in synergy to provide superior lubrication?

engineering perspective is a poor lubricant fluid due to low
viscosity and low load bearing capacity at a given sliding
velocity, it is the medium used in living organisms for providing
smooth sliding between moving parts.' For instance, the friction
coefficient found in synovial joints in mammals can be as low as
0.001 as measured with hip function simulator machines, even
though values reported in different studies vary significantly.>
A safe statement seems to be that the friction coefficient is well
below 0.01, for instance Gale and co-workers quote the range
0.002-0.006.% Such easy sliding is required under challenging
conditions of shear rates (<10°-10" s') and pressures
(<25 MPa).” The fragile joint structure can under optimal
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conditions function for ~100 years, even though malfunction
of joints is a critical health issue. For instance, it affects
50 million adults in the US.” Biolubrication is by no means
restricted to synovial joints, and friction control is also essential
for, e.g., masticatory, speech and lung functions, and effortless
blinking is an important issue for contact lens performance.
The low friction is achieved by means of biolubricants and
sophisticated nanostructured surfaces that work in synergy.

Scientists have searched for an outstanding biolubricant that
facilitates the excellent lubrication of synovial joints. Phospholipids,
bottle-brush glycoproteins, and linear polysaccharides have all been
implicated, and the debate between scientists advocating different
opinions®” has at times been intense. It is nowadays clear that the
key is the presence of a fluid water layer between the sliding surfaces
that is maintained by the biolubricants,® and that synergies between
different biolubricants need to be considered in order to capture the
essence of biolubrication. For instance, it has been reported that
addition of hyaluronan and phospholipids together is more effective
in alleviating joint disease symptoms than any of these two compo-
nents alone.” In model experiments hyaluronan-phospholipid
mixtures have also shown synergies,'®"" and the importance of
hyaluronan-phospholipid association structures for repaired
articular cartilage surfaces™ and for lubrication of hip implants'®
has been stressed. Different aspects of biolubrication and bio-
mimetic lubrication have been the topic of several valuable reviews
that we recommend to the interested reader."*"*

In this perspective article we first discuss some important
energy dissipative mechanisms that contribute to the friction
forces encountered in liquid media, and identify how such
energy dissipation can be minimized. We next consider how this
can be achieved by intramolecular synergistic structures and by
intermolecular synergistic associations. We focus on measurements
carried out on well-defined model surfaces that have the advantage
that surface forces and friction can be measured with high
precision, and that interpretation of the data is facilitated.
However, it should be realized that the complex cartilage surface
and the multicomponent synovial fluid add many different aspects
to the biolubrication issue that is not captured in these experiments.
An important step towards bridging this gap was taken by
Israelachvili et al. who measured the friction forces between
cartilage surfaces mounted on a Surface Forces Apparatus, SFA."

2. Energy dissipative mechanisms

In this section we discuss common energy dissipative mechanisms,
refer to some scientific reports where these mechanisms have been
studied, and comment on how the energy dissipation can be
minimized. It should, however, be noted that experimentally it is
seldom the case that one energy dissipative mechanism can be
varied without affecting others. Thus, the situation is often more
complex compared to investigations of surface forces acting in
the normal direction where e.g. the double-layer force can be
screened by increasing the electrolyte concentration, which often
has a minor effect on the van der Waals force and the steric force
between uncharged polymer layers.
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2.1 Chain interpenetration and dragging of chains through
the interpenetration zone

When two polymer layers are pressed together under an external
load, the chains attached to one surface will partly penetrate the
layer attached to the other surface. The region where one finds
chains attached to both surfaces is called the interpenetration
zone. The inset in Fig. 1, which shows the volume fraction of
polymer segments between two identical polymer-coated surfaces
as a function of distance from the surface, illustrates how this
region is defined. The degree of overlap depends on the energy of
interaction and the solvent condition as illustrated in Fig. 1.
Clearly, for a given energy of interaction the overlap fraction is
higher under poor solvent conditions (blue line) than under good
solvent conditions (red line).

During sliding, the chains in the interpenetration zone need
to move past each other, giving rise to viscous energy dissipation,
which increases with increasing size of the interpenetration zone
and the polymer concentration in this zone. This energy dissipa-
tive mechanism has been emphasized by Klein and co-workers in
several articles,"”*® and appears to be one of the most important
causes for friction between polymer layers."”” Modeling under
good solvent conditions shows that the polymer chains become
stretched in the sliding direction to an extent that depends on the
sliding velocity, and modeling confirms a correlation between the
increasing interpenetration zone and increasing friction forces.*
A comprehensive review on theoretical efforts to understand shear
forces between polymer-brush coated surfaces has recently been
presented,'® and this article is recommended to anyone interested
in this subject. It is important to note that solvent present in the
brush layer is essential for achieving low friction, as concluded
from both theoretical considerations'® and by experiments.>'™>*
It should also be noted that the osmotic pressure from the
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Fig. 1 Calculated polymer overlap fraction between two flat surfaces
carrying a grafted thermo-responsive polymer layer as a function of the
interaction energy Ain(M)/KTL at T = 300 K (red) and T = 325 K (blue)
indicated for attractive (dotted curves) and repulsive (solid curves) force
branches. The solvent quality decreases with increasing temperature. The
polymer overlap fraction is defined as the fraction of polymer segments
(hashed area) penetrating into the polymer layer grafted on the opposite
surface (see inset). Reproduced with permission from ref. 16. Copyright,
2017 American Chemical Society.
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counterions present in a polyelectrolyte brush layer counteracts
compression and interpenetration, and this makes polyelectrolyte
brushes more efficient in reducing friction than comparable
brushes of uncharged polymers, as discussed by Zhulina and
Rubinstein.>*

Thus, to obtain low friction between polymer-bearing surfaces
it is important to reduce the interpenetration zone, which can
be achieved by having a high graft density and good solvent
conditions. It is also predicted that polyelectrolyte brushes
should be more efficient in reducing friction forces than brushes
of uncharged polymers.

2.2 Breakage and reformation of attractive intralayer physical
bonds

In a very interesting work Loveless et al. explored how physical
cross-links affect the lateral force needed to drag an AFM tip
through a surface-grafted polymer layer.”® They utilized two
different types of cross-linkers with similar complexation con-
stants but different on and off rate constants. Both complexing
agents resulted in compaction of the layer as judged from a
reduced range of the steric forces. Interestingly, the complexing
agent with fast kinetics resulted in a reduced lateral force,
presumably due to a reduced interpenetration zone. In contrast,
the complexing agent with slow kinetics was found to increase
the lateral force. Thus, even though the interpenetration zone
was also reduced with this complexing agent, a new energy
dissipative mechanism associated with stretching of polymer
chains between cross-links and disruption and reformation
of such cross-links provided the dominating effect. A similar
result was obtained by Drummond et al.?® who found that
cross-linking of poly(r-lysine)-b-polydimethylsiloxan-b-poly(r-
lysine) with sufficiently long dicarboxylic acids increased the
cohesion of the adsorbed layer but reduced the lubrication
performance. Further, Kampf et al, comparing the friction
force between chitosan before and after cross-linking with
Graham’s salt (predominantly sodium hexamethaphosphate),*”
found that addition of this cross-linking agent significantly
increased the friction force and the friction coefficient. High
friction coefficients (4 ~ 0.5-1) have also been reported for
polyelectrolyte multilayers,”®?° where both breakage of electro-
static interactions and chain stretching within the layers are
likely to contribute to the energy dissipation.

In the above examples energy dissipation can be caused
either by breakage and reformation of the physical cross-links
or by viscous stretching of polymer chains between cross-
linking points, or both. In a study of friction between a
chemically cross-linked chitosan gel and a bare silica surface
Liu et al. also found high friction forces (Fig. 2) that were well
described by eqn (1) (see below), which is Amontons’ first rule
modified by an adhesive term.*®

Fy=C+ uFy (1)

where C is the friction force at zero load that arises from
adhesive interactions, u is the friction coefficient and F, is
the applied load.

This journal is © the Owner Societies 2017

View Article Online

Perspective

40
—=—0.1mM x/x/i//i
o— 1mM 1
30 ot
Z 20}
c
el
2 10}
'
ok
-5 0 5 10 15 20 25

Load (nN)

Fig. 2 Friction force vs. load measured between a cross-linked chitosan
hydrogel and a silica probe across NaCl solutions of different ionic strengths
at pH 5.7. There is no hysteresis between the loading and unloading curves.
The error bar is calculated from 10 consecutive measurements. The shear
velocity was 20 pm s~ Reproduced with permission from ref. 29. © 2017
Elsevier Inc.

The high friction force observed at low loads (Fig. 2) is due to
adhesion between the negatively charged silica surface and the
positively charged cross-linked chitosan hydrogel. The friction
coefficients (the slope of the lines in Fig. 2) are about 1,
independent of the adhesion force. Thus, the energy dissipation
that gives rise to increased friction with load was assigned to
processes occurring within the layers. Since no breakage of cross-
linking points occurs the main energy dissipation mechanism
was due to shear-induced stretching and subsequent relaxation of
polymer chains between the cross-linking points. Measurements
were performed only at two cross-linking densities, and a lower
friction force and friction coefficient was found for the higher
cross-linking density. To get further insight into how the cross-
linking density affects the friction force would require a systematic
variation of the distance between chemical cross-links in the
hydrogel material.

The effect of cross-linking agents was also investigated by
Dunér et al., using grafted poly(acrylic acid), PAA, layers in
the absence and presence of calcium ions.*® One PAA-coated
surface and a bare silica surface were utilized in their AFM
colloidal probe friction studies, and they found very low friction
forces in the absence of calcium ions and at low pH in the
presence of 10 mM CaCl,. However, increasing the pH to 7.5,
which facilitates electrostatic interactions between the divalent
cation and carboxylate groups on the polymer, resulted in high
friction even though no attractive surface force was present.
The increased friction was assigned to formation of bridges
between the PAA chains mediated by calcium ions that provided
an energy dissipative mechanism as such bridges were broken
and reformed during shearing. It was also proposed that as long
as this was the dominating energy dissipative mechanism
the nature of the bare surface would not affect the friction force.
To our knowledge, this prediction has not yet been tested.

In a comprehensive work Wei et al. investigated the effect of
different counterions on the state of polyelectrolyte brushes and
the friction between such brush layers and a PDMS hemisphere

Phys. Chem. Chem. Phys., 2017, 19, 23677-23689 | 23679
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using mainly QCM-D to monitor the state of the brush layer and a
pin-on-disc device to determine friction forces.*” They found a
correlation between increasing friction and collapse of the brush
layer by the counterion and emphasized that counterion exchange
is an attractively simple way to tune friction properties. They
concluded that high hydration of the polyelectrolyte brush is
essential for achieving low friction, but did not specify the energy
dissipative mechanism responsible for the increased friction that
occurs when the polyelectrolyte brush is collapsed by the counter-
ions. It seems likely to us that the energy dissipative mechanisms
discussed above in this section are operative and make a signi-
ficant contribution.

Attractive interactions between polymer segments within a
layer can be induced not only by cross-linking agents, but also
by changing the solvent conditions. From the discussion above
one would thus expect that making the solvent condition worse
would increase the friction force due to increased energy dissi-
pation due to disruption and reformation of physical bonds,
and indeed this is what is observed.*!*> However, by changing
the solvent condition one also changes interlayer interactions
between two polymer-coated surfaces and the degree of inter-
penetration (see Fig. 1) between the opposing layers.

We conclude that energy dissipation due to intralayer physical
cross-links can be minimized if the on and off rate of the
complexing agent is fast, and the polymer layer also needs to
remain strongly solvated in the presence of the cross-linking
agent to facilitate low friction.

2.3 Breakage and reformation of attractive interlayer physical
bonds

A change in solvent quality will affect the structure of the
adsorbed polymer layer, the surface forces and the friction
forces. Generally, one expects the polymer layer to become
more compact, the steric force to be less long-ranged and the
friction force to be larger as the solvent quality decreases.’!
Such a change can, for instance, be induced by varying the
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solvent composition, or, for thermo-responsive polymers, by
changing the solution temperature. In general it is found that
for polymers where an increase in temperature leads to worsening of
the solvent quality, the friction force also increases with increasing
temperature.***

A recent example is the work by An et al., where the friction
forces between negatively charged silica surfaces coated with
a cationic-nonionic diblock copolymer were investigated in
aqueous solutions.'®** The non-ionic block consisted of poly(2-
isopropyl-2-oxazoline), PIPOZ, which is a thermo-responsive
polymer. The surface coverage was relatively low so the adsorbed
layer was not in the brush regime. Thus, one would expect a
relatively large interpenetration zone and high friction compared
to what can be achieved for brush layers, which also was
observed. With increasing temperature the solvent condition
for the PIPOZ chain decreased and a small attractive force was
observed when the surfaces were separated from each other.
Under such conditions Amontons’ first rule, stating the propor-
tionality between friction force, Fr, and normal load, F,,, needs to
be modified according to eqn (1).

Thus, based on eqn (1) a small increase in friction force
is expected due to interlayer adhesion, but the slope of the
friction force vs. load curve is expected to remain the same (as
seen in Fig. 2). Under conditions of constant adsorbed amount
the friction force between the surfaces exposing PIPOZ chains
was, as expected, found to increase with temperature, but the
change was significantly larger than expected from the mea-
sured adhesion force. Further, the shape of the force vs. friction
curve also changed significantly with temperature and it was
never well described by eqn (1), as seen in Fig. 3. Thus, it seems
clear that the dominating reason for the change in friction force
is not development of an interlayer attraction. Instead, as
suggested by modeling,'® for a given load the interpenetration
zone increased with increasing temperature (see Fig. 1), and this
together with increasing attraction between segments within
each layer are more important causes for the increased friction.
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(a) Friction force and (b) effective friction coefficient, e = F¢/Fn, as a function of applied normal load between silica surfaces carrying a

preadsorbed layer of PIPOZgo-b-PAMPTMA;; measured at different temperatures. Reproduced with permission from ref. 16. Copyright, 2017 American

Chemical Society.
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The same cationic-nonionic diblock polymer was utilized
in another study, but here the adsorption was allowed to vary
with temperature.® Under such circumstances the adsorbed
amount increases with increasing temperature due to decreasing
repulsion between the PIPOZ chains. In this case, it was found
that the friction force decreased with increasing temperature
despite the worsening of the solvent quality. This can be
rationalized by the higher adsorption density, which reduced
the interpenetration zone at higher temperatures. Taken together
these two studies suggest that the viscous energy dissipation
caused by dragging the polymer chains through the interpenetra-
tion zone is more important for the magnitude of the friction
force in this system than breakage and reformation of physical
bonds between and within the layers. Of course, the extent of and
segment density within the interpenetration zone are influenced
by the temperature-dependent segment-segment interaction and
all effects are coupled.

In another study friction forces between highly stretched
surface grafted polystyrene brushes were determined in solutions
containing mixtures of toluene (a good solvent) and 2-propanol
(a poor solvent).*" It was clearly shown that the friction coefficient
and the adhesion force increased as the solvent quality was
reduced. The very low friction coefficient observed under good
solvent conditions was rationalized by the small interpenetration
zone expected for this system.

Based on available data it appears that a small interlayer
adhesion is of less importance for the friction coefficient
than intralayer attractive interactions and the size of the inter-
penetration region. Adhesion forces will, however, increase the
friction force at low loads.

2.4 Polymer bridging

When the chain density in the adsorbed polymer layer is low, or
when a polymer coated surface meets a bare surface, polymers
may attach with segments on both surfaces. This gives rise to
an attractive force, which normally is referred to as a bridging
force. Such polymer bridges have to be broken during shearing
and this provides another energy dissipative mechanism. This
mechanism explains the high friction force at low loads reported
in Fig. 2. A similar but smaller effect on the friction force at zero
loads has also been noted between a polyelectrolyte coated surface
and a bare surface,®® and between two surfaces carrying mixed
adsorbed layers of oppositely charged polyelectrolytes where the
surface force curves suggested a weak bridging interaction.®
In another study of friction between polyelectrolyte-coated
surfaces, a rapid increase in friction was noted at high loads.*®
This was presumably due to erosion of part of the layer that
facilitated bridging. Interestingly, the friction force increased
markedly, whereas the friction coefficient remained similar.
Thus, the effect of bridging was dominantly noticed in the value
of the friction at zero load (the value of C in eqn (1)).

Clearly, bridging forces should be avoided when low friction
is needed, meaning that the adsorbed amount should be high.
Bridging forces, as well as other attractive interlayer interactions,
appear to increase the friction force most significantly at
low loads.

This journal is © the Owner Societies 2017
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2.5 Lateral motion of molecules along the surface

A boundary lubricant is, of course, only effective as long as it
remains at the sliding interface. Thus, it is not enough to
achieve a low friction force, but the boundary lubricants also
need to have a high load bearing capacity. Experimentally the
load bearing capacity is defined as the load at which a signi-
ficant and sudden increase in friction force is observed, which
is suggestive of erosion of the lubricating layer. An example of
this behavior is provided in Fig. 4 where the friction force
acting between supported dipalmitoylphophatidylcholine, DPPC,
bilayers is reported as a function of load. Here the outer sheet of
the lubricating phospholipid bilayer is eroded away at an applied
load just below 20 nN, which corresponds to a pressure of about
42 MPa.”’

However, before erosion occurs the friction force may increase
due to energy dissipation caused by load and shear induced
lateral motion of adsorbed molecules along the surface.*® This
played a role in the work by Thormann et al., where the friction
properties of hydrophobized surfaces coated with methylcellulose,
MC, were explored.*® Water becomes a poor solvent for MC at
elevated temperatures, and as expected from the discussion
above, the friction force at low loads was found to be higher at
elevated temperatures. However, the opposite trend was found at
high loads. This could be rationalized by the higher attachment
strength of the polymer to the hydrophobic substrate at higher
temperatures, which resulted in less lateral motion of the polymers
along the surface during shearing at the higher temperature.

Electrostatically driven adsorption can provide stronger surface
attachment, but also in this case lateral motion along the surface
has been noted, particularly at high salt concentrations.*’
To further increase the attachment strength catechol anchoring
groups on both ends of a poly(ethylene oxide) chain have
recently been used to build a layer with predominantly loop
structures.*’ Very low friction forces and no erosion were
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Fig. 4 An example of a friction vs. load cycle measured between DPPC
bilayers on silica surfaces across 150 mM PBS buffer solution. In this case
the bilayer was compromised at a load of just below 20 nN. Friction forces
measured on loading and unloading are shown with filled (@) and unfilled
(O) symbols, respectively. The temperature was 25 °C. Reprinted with
permission from ref. 37. © 2017 Elsevier Inc.
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observed in these experiments, and this was related to low inter-
penetration of loops and strong surface anchoring, respectively.

Considering the discussion above one can predict that lubri-
cants that are used for achieving low friction forces in aqueous
media should be highly hydrated and strongly attached to the
substrate surface, and that the surface should be fully covered
by the lubricant. If polymer lubricants are used, their packing
density should be high to minimize interpenetration. Some of
these requirements are contradictory, for instance a highly
hydrated molecule or molecular moiety will have a low driving
force for adsorption and thus firm anchoring and high coverage
would be difficult to achieve by physical adsorption of such a
homopolymer.

3. Intramolecular synergy

Intramolecular synergy is a question of molecular design, where
by natural evolution or by synthetic means different functions are
included in the molecular structure. The most basic example is
amphiphilic molecules combining a polar region and a non-polar
region separated in space. This includes phospholipid molecules
that self-assemble into membrane structures and synthetic sur-
factants that are used in everyday products used for, among other
things, different cleaning purposes. The hydrophobic moiety
drives the surfactants to non-polar interfaces such as the air-
water and the oil-water interface. On the other hand, the polar
group is strongly hydrated and it is this combination of surface
affinity and hydration of different parts of the molecule that
makes them good dispersion agents.

Similar strategies can be used for polymers, and we have
already discussed diblock copolymers that have a designated
anchoring group and a highly hydrated buoy block. Blocky
polymer structures are also found in nature, where the mucin
family consists of block(s) with a high graft density of carbo-
hydrate side-chains and block(s) with low or no side-chains.
The mucins cover essentially all internal surfaces in mammals
where they provide functions related to hydration, protection
and lubrication.** Further, lubricin, a polymeric mucinous
lubricant present in the synovial joint area, consists of a central
highly glycosylated region flanked by two globular regions.

3.1 Amphiphilic molecules

In a series of reports Drummond and co-workers have explored
the friction forces between surfactant coated mica surfaces using
the SFA. The friction response is in general quite complex,*>** but
here we focus only on the case where the highly hydrated polar
moiety of the surfactant is directed towards solution and thus
provides low friction force due to hydration lubrication. The
hydration lubrication effect arises from the strong affinity between
polar groups and water, giving rise to a shortrange and strong
repulsive surface force — the hydration repulsion - that keeps the
surfaces apart even under high forces. This, combined with the
fact that the confined water molecules retain their fluidity, facili-
tates sliding with minimal energy dissipation. This lubrication
mechanism was emphasized and discussed in two seminal
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%6 and more recently

publications by Raviv, Klein and Laurat,
in a perspective article by Jahn and Klein.*”

The double-chained cationic surfactant didodecyldimethyl-
ammonium bromide adsorbs strongly onto the highly negatively
charged mica surface to form a bilayer structure. In SFA experi-
ments it has been demonstrated that this surfactant bilayer has
sufficient cohesion to withstand shear under high loads, and the
friction force was found to be so small that it could not be
measured with the very accurate and sensitive SFA tribometer.*®

Phospholipids are naturally occurring bilayer-forming
amphiphiles. They are readily deposited on solid surfaces,
and their headgroups are strongly hydrated. Considering the
findings by Drummond et al., it is conceivable that deposited
phospholipid bilayers also may be able to facilitate effortless
sliding via the hydration lubrication mechanism. Indeed, several
reports have described very low friction forces between phospho-
lipid bilayers up to high pressures.""*”***° perhaps counter-
intuitively, it was found that DPPC bilayers in the fluid state
have a higher load bearing capacity than such layers in the
frozen state.’” This is illustrated in Fig. 5, which shows the
fraction of experiments where the layer has been compromised
at or below a load of 20 nN.

This finding was rationalized by the lateral mobility of the
molecules in the fluid state that allows self-healing of small
disturbances in the bilayer structure induced by the combined
action of load and shear. It has also been found that phos-
pholipid vesicles adsorbed to solid surfaces can provide low
friction, but in this case the frozen state of the phospholipid
performed better than the fluid state.>® These are important
findings considering that phospholipids are present in the
synovial fluid at concentrations® of 0.1-0.2 mg mL ™" and
multilayers of phospholipids have been reported to exist on
the cartilage surface.®® Thus, naturally, phospholipids have
been implied as important biolubricants®* even though other
studies stress the importance of biomacromolecules for the
superior lubrication of synovial joints with phospholipids
providing less benefits.°

Based on the data above it is clear that the hydration lubri-
cation mechanism can provide superior lubrication up to high
loads on flat surfaces. It remains to be explored if such thin
layers as formed by surfactant and phospholipid bilayers also
can provide favorable lubrication on rough surfaces.

3.2 Copolymers

Block copolymers that are used for achieving favorable lubrication
properties should have one or more anchor blocks that provide
firm anchoring to surfaces, and one or more blocks that extend
from the surface and experience good solvent conditions. The
lengths of the different blocks need to be balanced in order
to allow formation of a compact layer that counteracts inter-
penetration. In the previous sections we have already provided
examples of friction properties attained with different diblock
and triblock copolymers. Here we will instead focus on bio- and
biomimetic bottle-brush polymers consisting of a main chain
decorated with a high density of side-chains. Biopolymers of
this type include the mucin family and the mucinous glycoprotein
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Fig. 5 Left panel: The percentage of friction experiments performed at a given temperature where the load bearing capacity was found to be less than
20 nN. The number shown in each column is the total number of experiments performed at a given temperature. Right panel: AFM topographical image
of a DPPC bilayer with defects in PBS buffer solution. Height lines over the regions marked with the corresponding colors on the topographical image are
shown below the image. The temperature was 32 °C. Reproduced with permission from ref. 37 © 2017 Elsevier Inc.

lubricin, where the main chain is a polypeptide and the side
chains consist of oligosaccharides. Biomimetic polymers of this
type often have a cationic main chain that provides electrostatic
anchoring to negatively charged surfaces, and hydrophilic side
chains often made of poly(ethylene oxide), also known as poly-
(ethylene glycol), or oligosaccharides.

Many mucins have an overall train-of-brushes structure,
containing several heavily glycosylated regions linked by short
non-glycosylated stretches (see Fig. 6).

The lubricating ability of different types of mucins has been
investigated on a range of different surfaces,”®>*® and the
lubrication performance reported is found to vary significantly
depending on the mucin used and the nature of the substrate
surface. In cases where anchoring is strong and the adsorbed
amount is high, low friction forces are observed due to the
presence of a high density of strongly hydrated oligosaccharide
chains that counteract interpenetration and facilitate hydration
lubrication. An and co-workers compared the lubrication per-
formance of a typical train-of-brushes mucin with that of a
recombinant mucin consisting of an anchor region from which
two glycosylated brush structures are extended (brush-with-anchor
structure, Fig. 6). The non-glycosylated regions provide anchoring
to hydrophobic surfaces, and both mucin types were found to
adsorb to poly(methyl methacrylate), PMMA. However, the brush-
with-anchor mucin adsorbed with higher affinity and at higher
amount to the PMMA surface. As a result the friction force was
significantly lower between the PMMA surface coated with the
brush-with-anchor mucin as illustrated in Fig. 7.>

It is generally acknowledged that it is the highly hydrated
oligosaccharide side chains that facilitate lubrication between
mucin layers, but only recently was it attempted to elucidate

This journal is © the Owner Societies 2017
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PSGL-1/mIgGy, (PSGL-1)

IgG-Fc part

Fig. 6 Schematic illustration of mucin structures (not drawn to scale).
Top: Secreted bovine submaxillary mucin (BSM) consists of alternated non-
glycosylated protein regions (thin lines) and heavily glycosylated regions (with
side chains). The overall structure can be characterized as a train-of-brushes.
Bottom: PSGL-1/mligG,p produced as a dimer containing two glycosylated
brush regions attached to the Fc part of mIgG (the anchor block). The overall
structure can be characterized as a brush-with-anchor. Reproduced with
permission from ref. 53 Copyright, 2017 American Chemical Society.

how the nature of the side-chains affects the lubrication perfor-
mance between recombinant brush-with-anchor mucins.>® It was
found that the recombinant mucin with longer oligosaccharide
side chains performed better at low loads, and this was inter-
preted as being due to higher hydration. However, at higher loads
the reverse was observed and the mucin with shorter oligo-
saccharide side chains provided more efficient lubrication. It
was suggested that this was due to the smaller interpenetration
zone leading to less entanglement during shearing.

Considering the importance of biomacromolecules with brush-
structures for biolubrication, it has been natural to explore
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Fig. 7 Left panel: Friction force F; vs. load, F, and F./R, between two bare PMMA surfaces (squares) across 155 mM NaCl solution, BSM-coated PMMA
(circles) and PSGL-1/mlgGo,-coated PMMA layers (triangles) across 100 ppm mucin solutions in 155 mM NaCl. Filled and unfilled symbols represent data
obtained upon loading and unloading, respectively. BSM has a train-of-brushes structure and PSGL-1/mlgG,;, a brush-with-anchor structure. Right
panel: The effective friction coefficient uer = Fe/Fp, vs. load for BSM (circles) and PSGL-1/mlgG,y, (triangles). Reproduced with permission from ref. 53

Copyright, 2017 American Chemical Society.

biomimetic polymers of similar architecture for achieving low
friction forces in aqueous media. With such aims a range of
structures, including random copolymers containing positive
charges and side chains of poly(ethylene oxide),””° diblock
copolymers with a cationic anchoring block and a block carrying
high density of grafted poly(ethylene oxide),*® brush-on-brush
structures with cationic anchoring sites,*® diblock polymers with
a hydrophobic anchoring block and a lubricating polyelectrolyte
block,** have, among others, been utilized. The lubrication per-
formances reported in several studies are summarized in the work
of Liu et al.*® Here, we only note that in several studies a friction
coefficient below 0.05 and a load bearing capacity in excess of
20 MPa are reported. Thus, it seems clear that such biomimetic
structures can elicit favorable lubrication in aqueous media
provided the anchoring is strong and the density of the exposed
and highly hydrated side chains is large enough to efficiently
counteract interpenetration. However, it is essential to optimize
the polymer architecture to perform in an optimal manner on a
given substrate. In this context one should mention the work by
Perry et al. who studied a range of poly(i-lysine)-grafi-poly(ethylene
glycol) structures and found that the friction force was reduced
with increasing graft density of the PEG side chains and increasing
length of the PEG chains.” Likewise, Pettersson et al. explored a
range of cationic polyelectrolytes with grafted side-chains and
found an optimal lubrication performance when 90% of the
segments carried a grafted PEO side chain and the remaining
10% a cationic charge.””

4. Intermolecular synergy

In this section we discuss how the combination of two different
molecules can provide lubrication synergy. Lubrication synergy
can occur for several different reasons. It may affect the adsorption

23684 | Phys. Chem. Chem. Phys., 2017, 19, 23677-23689

strength or the orientation of the adsorbed molecules, it may
promote accumulation of the lubricants in the interfacial region
and it may provide lower friction forces and higher load bearing
capacity. In the following we discuss some reports that have
provided evidence for such synergy mechanisms.

4.1 Anchoring and structuring

Lubricin is one of the biomacromolecules that has been advocated
as being essential for synovial joint lubrication. As such, its
lubrication ability has been investigated on model surfaces, but
the results have indicated poor performance in the absence of
other biomacromolecules. One reason for this is that lubricin does
not adsorb strongly enough onto the model surfaces used, and
adjuvant biomacromolecules are needed to provide anchoring and
structuring of the lubricin layers.

The mode of attachment of molecules to surfaces is of
decisive importance for the lubricity of molecules and molecular
aggregates. In studies of lubricins’ performance on hydrophilic
charged surfaces Zappone et al. noticed that lubricin adsorbed as
extended loops and tails, but the lubrication performance of
lubricin was limited to low pressures, below 0.6 MPa, and on
hydrophobic surfaces low friction forces were never observed.”
This led to the conclusion that simple physisorption of lubricin
alone is not sufficient for achieving low friction and high
resistance to wear. Thus, they concluded that contributions of
“complementary cross-linking interactions between lubricin and
some other components in the synovial fluid and/or on the
cartilage surface” are required.®

Such anchoring of lubricin to surfaces seems to be partly
successfully mediated by fibronectin. The attachment of lubricin
through its C-terminus (PEX-like domain) to fibronectin-coated
mica was reported to yield remarkable wear protection with no
damage to the surfaces up to pressures of 14 MPa.** However, the
friction forces observed for the fibronectin-lubricin synergistic
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pair were rather high, exhibiting a friction coefficient of 0.18 in
the best case, which is far above what is observed in healthy
synovial joints. Thus, lubricin’s attachment to fibronectin via the
C-terminus leaves the N-terminus free for self-aggregation of
lubricin into dimers.®* This provides a synergistic effect in terms
of wear protection, but it is not sufficient in eliciting low friction.

Macromolecules such as collagen and hyaluronan that are
inherent parts of the cartilage and synovial fluid are able to
anchor and keep lubricin on surfaces, in a mode that favors low
friction on soft surfaces, as shown by Majd et al.®® Though it is
not clear how lubricin precisely attaches to the collagen type II
and hyaluronan surfaces, it does so spontaneously from
solution and the resulting friction forces on the combined
hyaluronan and collagen II surface in the presence of lubricin
are reported to be low (x = 0.01 + 0.0004). However, the pressure
applied to these soft surfaces was at the most 0.013 MPa, which
are orders of magnitude lower than the 25 MPa pressures that
can be encountered in the articular joint area. On the other hand,
Chang et al.®® using chemically grafted collagen type II on gold
surfaces also showed that this pair of molecules is efficient in
reducing friction, and friction coefficients of 0.1 or less were
observed.®® Interestingly, normal forces between such lubricin-
coated surfaces exhibited relatively long-range attractive forces.
This is in contrast to what was observed for lubricin adsorbed on
fibronectin® or cartilage oligomeric matrix protein (COMP)®’
coated surfaces.

Das et al.®® demonstrated lubrication and wear protection
synergy between hyaluronan chemically grafted on a mica surface
and infused with lubricin, yielding low friction, x = 0.09, up to
pressures of ~4 MPa. It was clearly shown that robust chemical
attachment of hyaluronan is necessary in order to keep the
synergistic biomacromolecular pair between the surfaces, as a
physically adsorbed hyaluronan-lubricin mixture laden with a
negative charge is easily expelled from between the mica surfaces.

Cartilage oligomeric matrix protein (COMP) is one of the
biomacromolecules that promotes anchoring of lubricin in a
fashion that facilitates lubrication. Flowers et al. identified
COMP-lubricin complexes in arthritic synovial fluid and showed
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that the C-terminal of COMP bound non-covalently to the
N-terminal of lubricin.®® This is important as it seems that
COMP is the protein in the cartilage that is able to direct the
adsorption of lubricin such that the lubrication ability of
lubricin is expressed optimally. Some data obtained for the
COMP-lubricin pair are provided in Fig. 8.°” Lubricin adsorbed
directly on PMMA reduces friction but the friction force
remains high, and the lubricin layer is easily eroded during
shearing as illustrated by the hysteresis in the friction vs. load
curve. The adsorption of COMP to PMMA is more robust and no
hysteresis is observed in the friction vs. load curve, but the
friction forces remain relatively high. However, if lubricin is
allowed to adsorb on the COMP-coated PMMA surface a durable
layer is obtained, which also reduces friction significantly. In this
case a friction coefficient of 0.06 was obtained up to the highest
load applied, corresponding to a pressure of 7 MPa, with no sign
of erosion.®”

From the data discussed above it appears that lubricin
is able to interact synergistically with other biomacromolecules
to facilitate strong anchoring and low friction. However, the
friction coefficients reported for such synergy pairs remain well
above the values reported for cartilage in the synovial fluid
(down to 0.001) at high pressures. The discussion and analysis
of the data obtained in studies of intermolecular synergy
between biopolymers are burdened by the fact that experiments
with various synergistic combinations of biopolymers are
performed on a variety of surfaces exhibiting a broad range of
stiffness values, leading to widely different applied loads and
contact areas for a given pressure, which makes the comparison
of the synergistic efficiency reported in different studies difficult.
In passing, we note that the value of the elastic modulus of
cartilage depends on species and age, and it also depends on
the set-up used for the measurements. For instance, it has been
reported to be a few MPa when probed by mm or um sized objects,
but when the surface is probed locally by sharp AFM tips the
modulus is about two orders of magnitude smaller.”® It is also
known that the modulus of human cartilage increases significantly
with age with mean values ranging from 1 MPa to 15 MPa.”*
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Fig. 8 Left Panel: Friction forces as a function of load. Main figure: Measurements performed between two PMMA surfaces coated with COMP (filled
circles), and COMP-lubricin (filled triangles). Inset: Measurements performed between two PMMA surfaces coated with lubricin (filled and open symbols —
loading and unloading, respectively). Right panel: A sketch of the COMP-lubricin layer. Reproduced with permission from ref. 67 © 2017 Elsevier Inc.
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4.2 Accumulation

Phospholipids and hyaluronan are two important components
in the synovial fluid and both have been suggested to partici-
pate in lubrication in synovial joints. Early work of Hills
demonstrated the presence of oligolamellar layers of phos-
pholipids on cartilage’” and on other surfaces in the body
where lubrication is needed.”® This strongly implies that it is
advantageous to accumulate many layers of a lubricant in
order to ensure supply and self-healing ability in case of local
damage and wear of the lubricant layer. One way of achieving
this in model systems is by simply adsorbing tightly packed
rigid phospholipid vesicles on surfaces,>" which assures accu-
mulation of several phospholipid bilayers between surfaces
upon compression.

Experiments with mixtures of hyaluronan and phospholipids
showed that the two components readily self-assemble both in
bulk and at interfaces and the lubrication ability of such mixed
layers is excellent."®""*>”* The association between hyaluronan
and DPPC allows accumulation of a high amount of the
DPPC lubricant at the interface, either through layer-by-layer
deposition®® or through adsorption of preformed aggregates.'*
The data shown in Fig. 9 illustrate the adsorption from a mixed
solution of DPPC vesicles and hyaluronan."* The first rapid
adsorption step corresponds to bilayer formation, and if DPPC
vesicles in the absence of hyaluronan is used, no further adsorp-
tion will occur.’® However, from the mixed solution, adsorption
of hyaluronan-decorated vesicles proceeds until rinsing. When
the mixed solution is reinjected the adsorption process starts
again. The layers formed by adsorption from the mixed solution
are heterogeneous, but they nevertheless provide low friction
forces (u < 0.01).

Association is observed between many polymer-surfactant
pairs, and the association is particularly strong between highly
charged polyelectrolytes and oppositely charged surfactants.”
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In many such cases the association leads to formation of
insoluble aggregates with well-defined internal organization,”®
and it has also been observed that association between a
preadsorbed highly charged cationic polyelectrolyte on mica
and the anionic surfactant sodium dodecylsulphate, SDS, leads
to formation of an adsorbed layer with similar internal
organization.”” SDS does not adsorb onto bare mica and silica
surfaces, but the presence of the preadsorbed cationic layer
allows accumulation of the surfactant at the interface. The
friction forces between such mixed polyelectrolyte-surfactant
layers have been reported and shown to be very low except for
some pronounced friction peaks (Fig. 10).>*

The low friction force was suggested to be due to the
presence of an easily sheared water layer, whereas the friction
peaks were assigned to structural rearrangements within
the layer due to the combined action of load and shear.
Interestingly, after rearrangement the layers return to a low
friction state until they finally are compromised at a pressure
of about 20 MPa (load F, just above 30 nN), which thus is the
load bearing capacity. Similar transient friction peaks have
also been observed between lubricating layers formed by
adsorption from mixed hyaluronan-DPPC solutions, and
again related to structural rearrangements in the layer.""

It seems clear that mixtures of polymers and surface active
agents in many cases allow accumulation of the surfactants at
the interface in amounts that exceed what can be achieved
with the surfactant alone. For instance, multilayers of phos-
pholipids and synthetic cationic polyelectrolytes have been
shown to form and the effect of shear rate on the structures

has been elucidated by means of neutron reflectivity and
ATR-FTIR.”® However, there are very few reports that have
attempted to elucidate under which circumstances mixed
polymer-surfactant layers are able to provide low friction
and high load bearing capacity.

Fig. 9 Left Panel: Adsorption from a solution containing 0.5 mg mL™ DPPC and 0.5 mg mL™! hyaluronan (start marked by 1) on a silica surface in
155 mM NaCl solution at 55 °C monitored by QCM-D (frequency (black line) and dissipation (grey line) change). Rinsing (start marked by | ) was done with
155 mM NacCl solution at 55 °C. Right panel: AFM topography image of the adsorbed layer formed after 40 minutes of adsorption from solutions
containing 0.5 mg mL~* DPPC and 0.5 mg mL~* hyaluronan in 155 mM NaCl on a silica surface. After 40 minutes the solution was exchanged with pure
155 mM NaCl solution, and the resulting layer was imaged in this solution at a temperature of 47 °C. Image size 1 x 1 pm?. Note that the AFM tip will
deform and possibly disrupt the adsorbed aggregates, so the height of these aggregates when undisturbed by the tip is underestimated in the image.

Adopted with permission from ref. 11 © 2017 Elsevier Inc.
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Fig. 10 Left panel: Friction force, Fy, vs. load, Fn/R, and F,,, between a mica and a silica surface coated with the cationic polyelectrolyte PMAPTAC across
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permission from the Royal Society of Chemistry.

4.3 Load bearing capacity

We have seen that mixtures of polymers and surfactants under
some circumstances are able to provide low friction and high
load bearing capacity. Drummond and co-workers have explored
this in some detail, using surfactants that adsorb onto the
substrate surface mixed with a diblock copolymer to modify
the lubrication performance.****7*8% In their initial studies,
using a double-chained surfactant which in itself provided low
friction and high load bearing capacity, it was found that
coadsorption of a hydrophobically end-modified poly(ethylene
oxide) compromised the lubrication performance.*® In later
studies oligomeric cationic surfactants were utilized, and the
layers formed by these surfactants alone had relatively low load
bearing capacity. However, co-adsorption of a poly(acrylic acid)-
poly(acrylamide) diblock copolymer significantly enhanced the
cohesion of the adsorbed layer and thus increased the load
bearing capacity.”® It was also noted that there was an optimal
copolymer concentration range that should not be exceeded in
order to retain the excellent lubricity.”>*® The structure of the
surfactant played an important role in the enhancement of the
load bearing capacity achieved by addition of the diblock
copolymer. It was significantly enhanced by the poly(acrylic
acid)-poly(acrylamide) diblock copolymer for the cationic tri-
meric and dimeric surfactants with C12 hydrocarbon chains
and C3 spacers, whereas layers composed of the monomeric
surfactant cetylammonium chloride and the co-polymer did not
display a high load bearing capacity.**

We also note that the load bearing capacity of lubricin was
significantly higher on COMP-coated PMMA compared to when
lubricin was adsorbed directly on PMMA (see Fig. 8), whereas
layer-by-layer deposition of DPPC and hyaluronan reduced the
load bearing capacity compared to DPPC alone."’

The studies reported above demonstrate the great possibility
of using mixtures of surfactants and polymers to achieve low
friction and high load bearing capacity in aqueous media. However,
more studies are needed before a clear picture emerges on the
structure-lubrication synergy relation of polymer-surfactant

This journal is © the Owner Societies 2017

and polymer-polymer systems, including biopolymers and
phospholipids.

5. Conclusions and outlook

It is clearly possible to achieve low friction forces in aqueous
media using a range of different molecular structures combining
different functions within the molecule. It spans from bilayer
forming surfactants and phospholipids that on smooth surfaces
provide friction forces that are so low that they are on the limit of
what can be measured. The lubrication mechanism - hydration
lubrication - is nowadays well established. It is, however, not
established that such thin layers also can perform well on rough
surfaces where one could expect that the load bearing capacity
would be compromised. Different blocky polymer structures
and grafted polymer brushes also provide low friction in the
boundary lubrication regime provided the chain density is high
enough to counteract interpenetration and the extended chains
are highly hydrated. Molecular design to fully utilize intra-
molecular synergies needs to be optimized for different surfaces,
and despite a few scientific reports in this area it is judged that
much more research is needed, including modeling where
molecular structures and interactions can be varied at will.
A few recent reports also emphasize lubrication synergy between
different types of molecules, and we have discussed several
aspects of such synergistic actions. Nature is an expert in using
synergistic effects to achieve desired properties, and we mean
that it is highly unlikely that biolubrication would be an exception.
Thus, we believe and hope that future studies in the biolubrication
area will pay increasing attention to intermolecular synergies.
For the boundary lubricants to fulfill their lubricating function
they obviously need to remain on the sliding surfaces. Thus, their
load bearing capacity is essential and self-healing of lubricating
layers is a necessity that is favored by excessive accumulation
at the interfaces. We mean that there is a lack of systematic
studies focusing on erosion of lubricating layers, and on how the
erosion resistance can be improved by molecular design and
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intermolecular synergistic effects. Thus, future studies focusing
on load bearing capacities to an equal extent as on the friction
forces prior to erosion would be of high value.
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