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Abstract: An extremely efficient lubrication system is achieved in synovial joints by means of bio-
lubricants and sophisticated nanostructured surfaces that work together. Molecular bottlebrush
structures play crucial roles for this superior tribosystem. For example, lubricin is an important
bio-lubricant, and aggrecan associated with hyaluronan is important for the mechanical response
of cartilage. Inspired by nature, synthetic bottlebrush polymers have been developed and excellent
aqueous boundary lubrication has been achieved. In this review, we summarize recent experi-
mental investigations of the interfacial lubrication properties of surfaces coated with bottlebrush
bio-lubricants and bioinspired bottlebrush polymers. We also discuss recent advances in under-
standing intermolecular synergy in aqueous lubrication including natural and synthetic polymers.
Finally, opportunities and challenges in developing efficient aqueous boundary lubrication systems
are outlined.

Keywords: bioinspired bottlebrush polymers; aqueous boundary lubrication; friction; wear resistance

1. Introduction

The origin of friction is the energy dissipation processes that occur as two surfaces
slide against each other [1]. Friction forces between two surfaces are often characterized by
the effective friction coefficient, µeff, that is, calculated by taking the ratio of friction force
(FFriction) and applied load (FLoad). The friction coefficient in synovial joints in mammals
was found to be as low as 0.001 as measured by hip function simulator machines, even
though values reported in different studies vary significantly [2]. It can be safely concluded
that the friction coefficient is well below 0.01. For example, Gale et al. have reported
values in the range of 0.002∼0.006 [3]. This extremely efficient aqueous lubrication ability
of the synovial joint is achieved by an association of lubricin, hyaluronan, phospholipids,
and aggrecan [4–6]. Lubricin and aggrecan, bottlebrush-like biomacromolecules that have
densely grafted pendant chains are abundant in synovial joints [7,8]. It is believed that these
bottlebrush structured biomacromolecules play key roles for a number of critical biological
functions, for example, hydration, aqueous boundary lubrication, wear resistance as well
as mediating the rheological and mechanical properties under pressure [8,9].

Inspired by nature, synthetic bottlebrush polymers consisting of a linear polymeric
backbone on which side chains are densely grafted have been designed and synthe-
sized [10–12]. Theoretical studies and computer simulations have been used to predict
the interfacial properties of bottlebrush polymer layers. The adsorbed amount of different
bottlebrush polymers at the mica/silica surfaces has been predicted by lattice mean-field
theory and compared with experimental data [13]. The frictional forces between polymer
brush-like layers formed by linear polymers have been predicted by molecular dynamic
simulations and scaling theory [14,15]. In addition, the interactions between bottlebrush
polyelectrolyte layers have been predicted by molecular dynamic simulations [16]. In
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recent years, considerable progress has been made in theory and computer simulation to
investigate the interfacial properties of polymer brush layers. For more detailed discussions,
we recommend the valuable reviews on the theoretical studies of interaction forces and the
lubrication properties of polymer brush-like layers [17,18].

The adsorption and interfacial lubrication properties between surfaces coated with a
range of different bioinspired bottlebrush polymers have been extensively investigated by
various surface analytical techniques [11–13,19–51]. Optical reflectometry [27–29], ellipsom-
etry [52], neutron reflectometry [28,52], and quartz crystal microbalance with dissipation
(QCM-D) [27,29] have been used to study the adsorption and desorption of bottlebrush
polymers on surfaces in aqueous media. Direct force measurement techniques includ-
ing surface force apparatus (SFA) [26,43,44,46], atomic force microscopy-colloidal probe
technique (AFM-CP) [12,30], and mini traction machine [11,31] have been used to deter-
mine surface forces and/or friction forces between the bottlebrush polymer layers. Such
measurements have shown that very efficient lubrication properties can be achieved by
bottlebrush structured polymers [12,19–23,30,31,48,53]. Such excellent performance and
highly promising lubrication systems are of great general interest, not least for relieving
arthritis pain [54].

To introduce the subject of this review, we start with a short introduction of the
molecular structures and functions of several important bio-lubricants found in the synovial
fluid. Next, we discuss recent experimental investigations of the interfacial lubrication
properties of bottlebrush polymer layers including friction forces and wear resistance. In
addition, synergistic aqueous lubrication mediated by natural and bottlebrush polymers
and small amphiphilic molecules is also discussed. Finally, outlooks for future research in
and use of aqueous boundary lubrication systems are provided.

2. Bio-Lubricants

Bio-lubricants including lubricin, hyaluronan, and phospholipids as well as aggrecan,
which is important for the mechanical response of cartilage, play important roles in reducing
friction forces and providing shock absorbing mechanical responses to articular cartilage
surfaces [8]. These molecular structures are very different, but they share a common feature
that they contain highly hydrophilic groups that bind water and allow for the hydration
lubrication mechanism [55] to be operative. Lubricin is a glycoprotein with a bottlebrush
structure. It is composed of the N-terminal by 2-somatomedin B (SMB)-like domains, the
C-terminal with a hemopexin (PEX)-like domain, chondroitin sulfate (CS) side chain, and a
densely glycosylated and mucin-like domain in the middle (Figure 1) [56,57]. It has been
suggested that lubricin is able to counteract damages of the superficial zone of cartilage,
and contributes to the preservation of chondrocytes in the joints [58]. The bottlebrush
structure in lubricin and mucins also reduces the interpenetration zone, that is, the region
where polymer chains on two opposing surfaces carrying such molecules overlap. This
suggests that the bottlebrush structured polymers are promising candidates for reducing
friction forces as the energy dissipation related to dragging polymer chains through the
interpenetration zone is minimized. The interfacial lubrication studies of various types
of mucins have shown that friction forces between surfaces can be reduced by mucins,
which can be attributed to their extensive hydration, which arises from the large amount
of oligomeric carbohydrate side chains [59–64]. Aggrecan also has a bottlebrush structure
domain in the middle (Figure 1) [65,66]. The friction forces between surfaces with covalently
attached cartilage aggrecan was found to be rather low (µeff = 0.03 ± 0.01∼0.11 ± 0.01,
depending on the ionic strength of the solution) [67], even though this molecule’s most
important function in the synovial joint area is found within the cartilage where it is
associated with hyaluronan, and together with collagen, builds the intricate nanostructure
of cartilage. For instance, the compressive resistance of articular cartilage has important
contributions from hierarchical brush-on-brush structures formed by one hyaluronan
associated with as many as 100 aggrecan molecules [68].
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Figure 1. Lubricin: containing the N-terminal 2-somatomedin B (SMB)-like domains and the C-
terminal hemopexin (PEX)-like domain. Lubricin also contains a chondroitin sulfate (CS) side
chain, and in the middle region, it has a densely glycosylated and mucin-like domain. Aggrecan:
containing three globular domains (G1, G2, and G3), and in the middle, it has a large extended
domain heavily modified with glycosaminoglycans. Hyaluronan (HA): the anionic disaccharide
building unit of hyaluronan.

Hyaluronan and phospholipids also play important roles to achieve efficient aqueous
lubrication systems [5,69–75]. Hyaluronan is a linear anionic polysaccharide (Figure 1). In
fact, hyaluronan alone is not enough to reduce friction forces between surfaces [76,77]. How-
ever, hyaluronan is responsible for the viscous and elastic properties of the synovial fluid,
which is very important for reducing the friction forces between articular cartilage [78,79]. It
has also been reported that hyaluronan/aggrecan aggregates can achieve better lubrication
than hyaluronan alone, which is due to the highly charged glycosaminoglycan segments
on the aggrecan core protein [79]. In addition, the friction forces between damaged human
cartilage can be reduced by self-assembled structures formed by hyaluronan and phos-
pholipids [80]. The favorable interfacial lubrication properties of hyaluronan associated
with phospholipids have also been observed in model systems [81–83]. The results of the
friction force measurements between model silica surfaces coated with supported DPPC
bilayers in the presence of hyaluronan have clearly indicated that the aggregates of hyaluro-
nan/phospholipids are able to achieve low friction up to the pressure of 56 MPa, [81]
which is higher than the pressure (25 ± 5.2 MPa) [84] that leads to the damage of the
hyaline cartilage. Recently, multilayers have been prepared by the co-adsorption of HA and
DPPC vesicles by Raj et al. [82], and the investigation showed that the friction coefficient
between the layers was below 0.01 up to the pressure of 20 MPa. Over the last decade,
Dedinaite and co-workers have investigated the intermolecular synergistic mechanism
of the bio-lubricants in synovial fluid such as synergy pairs of hyaluronan and phospho-
lipids [77,81–87]. Their studies indicate that synergistic lubrication can be achieved by the
bio-lubricants working together. We summarize some of the observed synergistic effects of
bio-lubricants regarding their interfacial lubricating properties in Table 1.



Polymers 2022, 14, 2724 4 of 17

Table 1. The lubrication performance of the bio-lubricant aggregates. The table provides data for the
effective friction coefficient, µeff, and the highest pressure, P, investigated.

Compositions Substrate Interfacial Lubricating Properties Ref.

HA + DPPC liposomes Damaged human cartilage The reduction in friction was 69.5%,
P = 1.3 MPa [79]

HA + Aggrecan Mica µeff = 0.01, P = 1.6 MPa [78]
HA + DPPC vesicles Macroscopic glass surfaces µeff = 0.1, P = 210 MPa [77]
HA + DPPC bilayer Silica µeff = 0.03, P = 56 MPa [80]
HA + DPPC vesicles Silica µeff < 0.01, P = 23 MPa [81]

COMP + lubricin PMMA µeff = 0.06, P = 7 MPa [85]
cross-linked HA + DOPC Mica µeff > 0.5, P = 2 MPa [88]

HA + Lubricin Mica µeff = 0.09–0.4, P = 4 MPa [89]
HA + Lubricin +
Type II collagen Gold versus SiO2 µeff = 0.01, P = 0.013 MPa [90]

3. Bottlebrush Polymers
3.1. Synthesis of Bottlebrush Polymers

Graft copolymers are composed of a polymeric backbone with densely grafted side
chains, of which bottlebrush polymers are considered as a subset characterized by a very
high grafting density. With increasing packing density of the side chains, a comb structure
changes to a bottlebrush structure. This forces the backbone to adopt an extended confor-
mation, and the molecule forms an overall cylindrical morphology. The conformation of the
backbone and the length and the density of the side chains in bottlebrush polymers play sig-
nificant roles in the lubrication properties. Inspired by bottlebrush bio-lubricants, synthetic
bottlebrush polymers have been designed and prepared [91–97]. Conventional radical
polymerization methods including atom transfer radical polymerization (ATRP), reversible
addition-fragmentation chain transfer (RAFT), and nitroxide-mediated radical polymeriza-
tion (NMP)) have been used to prepare precisely designed bottlebrush polymers [98–103].
According to how the side chains of the bottlebrush polymers are formed, the synthesis of
bottlebrush polymers can be categorized into three approaches: (i) “grafting-from” (the
polymerization of monomers from polyinitiators in the backbone) [99,100]; (ii) “grafting-
through” (polymerization of macromonomers) [101,102]; and (iii) “grafting-to” (attachment
of pre-formed side chains to the backbone) [104] (Figure 2). Novel bottlebrush polymers
with advanced molecular structures such as double-brush [105], Janus [102], and core-
shell [103] bottlebrush polymers have been prepared recently. Bottlebrush polymers can be
applied in various fields such as templates of novel nanostructures, drug delivery, aque-
ous lubrication, and super-soft elastomers. In addition, novel cylindrical nanostructures
such as segmented nanofibers [106] and anisotropic polymer nanostructures [107] have
been developed. These emerging materials of precisely defined dimensions can be ap-
plied in many fields such as, sensors, bioimaging as well as lubrication [108,109]. Here,
only a general overview of bottlebrush polymer synthesis is provided; for interested read-
ers, we recommend a comprehensive review of the design and synthesis of bottlebrush
polymers [10,92,93].

3.2. Adsorption of Bottlebrush Polyelectrolytes at Surfaces

The adsorption properties of bottlebrush polymers at the mica and silica surfaces
have been predicted by the lattice mean-field theory by Linse and Claesson [13], Figure 3.
The bottlebrush polymers were considered to consist of charged segments without side
chains and uncharged segments with an attached side chain. The composition variable X
stands for the percentage of charged segments ranging from X = 0 (uncharged bottlebrush
polymer) to X = 100 (linear polyelectrolyte). The results of the theoretical modeling indicate
that there is a large difference in the surface excess of bottlebrush polymers at the mica
and silica surfaces. The difference in the surface excess between regular and random
distributions is at most 20%, while a 5-fold difference in the surface excess between regular
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and diblock distributions has been predicted. These results indicate that the adsorption
properties of bottlebrush polymers can be influenced by the polymer segment sequence,
the non-electrostatic interactions as well as the surface charge density. To be able to tune
the layer structure is important as the structure of the adsorbed polymer layers directly
influences the interfacial lubrication properties of the polymer bearing surfaces.
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of Γexe given as twice the standard deviation for 100 realizations of random distributions with the
fixed fraction of charged segments are given as error bars. The figures were adopted with permission
from [13]. Copyright © 2022 American Chemical Society.
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Polymer bottlebrushes attached to surfaces can be prepared by either the “grafting-to”
or the “grafting-from” method. The “grafting-to” method includes physical adsorption as
well as the chemical covalent attachment of pre-prepared polymers. The “grafting-from”
method is a bottom-up approach where polymer chains are grown by surface-initiated
polymerization from a substrate [110]. Surfaces with anchored polymer bottlebrushes
have shown great potential in lubrication applications [12,20,30,111–116]. Notably, the
branched brush configuration and layers expressing polymer loop structures have been
formed on surfaces by the “grafting-to” method through electrostatic interactions and using
diblock bottlebrush polymers [30] and triblock bottlebrush polymers [116], respectively.
The friction coefficients between surfaces coated with the bottlebrush polymer were as low
as 10−3 up to the pressure of 2.1 MPa [116]. The excellent lubrication properties of these
polymers arise from the very limited chain interpenetration of two opposing compressed
bottlebrushes due to the strong steric repulsive interactions between the densely grafted
side chains of the polymers. Furthermore, the side chains of the polymers are highly
hydrated, allowing for strongly bound but easily sheared water layers (i.e., the hydration
lubrication mechanism). In this context, it should be noted that shear properties of thin
aqueous layers outside hydrophilic surfaces are very similar to that of bulk water down to
thicknesses in the nanometer range as measured using a vertically oriented force sensor
and AFM [117]. Polymer brushes on the surfaces can also be formed by linear polymers,
and in many cases, favorable lubrication can be achieved. Interested readers are referred to
the review of Kreer [18] and the references therein.

3.3. Interfacial Lubrication Properties of Bottlebrush Polymer Layers

The interfacial lubrication properties of the surfaces coated with a polymer layer
depend on the chemical structure of the polymer, the structure of the polymer layer,
and the water content of the polymer layer. These properties are influenced by several
factors including the polymer–surface affinity as well as the solvent quality. The basis of
aqueous boundary lubrication is the presence of a strongly bound yet easily sheared water
layer, therefore, water-based lubricants always contain strongly hydrophilic regions. Thus,
synthetic water-based lubricants can be designed following two criteria: (a) they shall be
strongly hydrated to provide a low friction force; and (b) they shall adsorb strongly to
the surface being lubricated to provide a high load bearing capacity. The latter criteria
means that the polymers should remain on the surface under the action of a high load even
during sliding motion. Considering this criterium, one is tempted to draw the conclusion
that covalently attached polymers are to preferred over adsorbed ones. However, one
should also consider that covalently attached layers do not self-heal when worn. In
contrast, adsorbed layers can easily self-heal when the lubricating polymer is present in the
surrounding bulk solution.

3.4. Random Bottlebrush Polymers

Bottlebrush polymers containing cationic segments with hydrophilic side chains have
been developed, and investigations of interfacial lubrication have shown that such polymers
can achieve a low friction force [11,12,29,31,36,48]. For instance, Pettersson et al. studied
the effect of the side chain and charge density of random bottlebrush polyelectrolytes,
poly(ethylene oxide)-methyl ether methacrylate:methacryloxyethyl trimethylammonium
chloride-X (PEO45MEMA:METAC-X) by the AFM colloidal probe technique [12]. Here, X
stands for the percentage of charged segments and 100-X is thus the percentage of segments
carrying a 45 unit long poly(ethylene oxide) side chain. The effective friction coefficient
(µeff) of PEO45MEMA:METAC-X polyelectrolytes for the different systems is provided in
Figure 4. Here, µeff was calculated by taking the ratio of friction force (FFriction) and applied
load (FLoad), at FLoad ≈ 7 nN, which was in the vicinity of the highest measured FLoad.
The results show that the PEO45MEMA:METAC-X polyelectrolytes with a high percentage
of PEO45 segments, 100 ≤ 100 − X ≤ 25 (0 < X < 75), can achieve the lowest µeff at the
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mica–silica surface, implying that the frictional properties depend, to a significant degree,
on which of the surfaces has the highest concentration of extended PEO45 segments.
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The effects of the architectural parameters of poly(L-lysine)-g-poly(ethylene glycol)
(PLL-g-PEG) including side chain (PEG) length, Lys/PEG grafting ratio, and backbone chain
(PLL) length on the lubrication properties were studied by Spencer and co-workers [31,48].
These studies have shown how the interfacial lubrication properties of PLL-g-PEG can be
optimized by varying the length of the side chains and the grafting ratio. The efficient
aqueous boundary lubrication ability of PLL-g-PEG as well as PEO45MEMA:METAC-X was
due to the densely grafted PEG side chains counteracting the interpenetration between the
opposing layers under compression. The investigation of solvent quality on the lubricating
ability of the surfaces coated with PLL-g-PEG has shown that the friction coefficient of the
surfaces greatly increased with the decreasing solvent quality as the polymer layer structure
changed from an expanded brush structure to a more random-coil-like structure [34,35]. In
addition, the Scheutjens–Fleer self-consistent field theory has been employed to reveal how
the architecture parameters, graft ratio, and graft length of random bottlebrush polymers
influence the interaction between such polymers with a polyelectrolyte backbone and
neutral hydrophilic side chains as well as an oppositely charged surface [118]. The modeling
results indicated that the adsorption of random bottlebrush polymers is determined by the
electrostatic and steric forces in the system, which can be affected by the graft ratio and
graft length of the bottlebrush polymer. Particularly, it was demonstrated that the entropic
penalty of adsorption increases as the side chains become longer.

3.5. Diblock Bottlebrush Polymers

Diblock bottlebrush polymers typically consist of one strongly adsorbing block and a
second block with a bottlebrush structure with no or low tendency for adsorption. This
polymer design is expected to provide an adsorbed layer structure with bottlebrush tails.
Liu et al. studied the adsorption and frictional properties of diblock bottlebrush copolymers,
(METAC)m-b-(PEO45MEMA)n, at the silica surfaces [29]. This diblock copolymer was
composed of a cationic block and an uncharged bottlebrush block. The adsorbed amount
of the diblock polymer on silica was high, and the thickness of the adsorbed polymer layer
was found to be around 46 nm with a water content of around 90%. This result is in line
with the prediction of the theoretical modeling in which diblock bottlebrush copolymers
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have a higher adsorbed amount than random and regular bottlebrush polymers at the silica
surface [13] (Figure 3b). A change in the adsorbed layer structure was observed after a
few hundred seconds of adsorption. This change can be illustrated by the QCM-D data by
plotting the change in dissipation (∆D) as a function of the change in frequency (∆f ) (left
panel in Figure 5). The ∆D − ∆f curve for (METAC)m-b-(PEO45MEMA)n initially followed
that observed for the uncharged block ((PEO45MEMA)n), implying that initially, the diblock
copolymer adsorbs parallel to the surface. However, for (METAC)m-b-(PEO45MEMA)n,
the dissipation increased rapidly as the magnitude of the frequency change exceeded
about 25 Hz. This means that (METAC)m-b-(PEO45MEMA)n changes its orientation from
preferentially parallel to the silica surface at low coverage (low dissipation) to significantly
more extended conformations at high coverage (high dissipation).
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Figure 5. (Left panel) Dissipation change (∆D) as a function of frequency change (−∆f ) upon
adsorption of (METAC)m-b-(PEO45MEMA)n (upper curve) and (PEO45MEMA)n (lower curve) on
silica. The inset shows the data in the range of −∆f up to 40 Hz in more detail. The figures were
adopted with permission from [29]. Copyright © 2022 American Chemical Society. (Middle panel)
Fn/R as a function of separation between the silica surfaces coated with (METAC)m-b-(PEO45MEMA)n.
Fitted DLVO forces were obtained by using constant charge (upper line) and constant potential
(lower line) boundary conditions. The inset shows the forces between the polymer layers prior
to (black squares) and after (red circles) rinsing with water. (Right panel) Friction force (Ff) as a
function of load (Fn/R and Fn) of the bare silica surfaces in water (triangles) and after the adsorption
of (METAC)m-b-(PEO45MEMA)n in a 50 ppm polymer solution (the first cycle (squares) and the
subsequent one (circles)). The straight lines were fitted to the data points obtained at low loads.
The error bars corresponded to multiple friction force measurements. Filled and unfilled symbols
represent the data points obtained on loading and unloading, respectively. The figures were adopted
with permission from [30]. Copyright © 2022 The Royal Society of the Chemistry. In all cases, the
polymer concentration of the aqueous solution was 50 ppm and the surface was silica.

The surface and friction forces of the silica surface coated with the (METAC)m-b-
(PEO45MEMA)n polymer were studied by the AFM colloidal probe technique, and some
results are shown in the middle and right panels in Figure 5. The force curves between
the silica surfaces coated with the diblock bottlebrush polymer were consistent with a
double-layer force at separation beyond 40 nm. However, the force increased more steeply
at separations below 40 nm, indicating the presence of a long-range steric repulsion. The
calculated DLVO force curves indicated that the apparent double-layer potential of the
adsorbed layer was found to be 33 mV at the onset of the steric interaction at a separation of
40 nm. In addition, no hysteresis was observed between the forces measured on approach
and retraction. The friction coefficient was found to be 0.03 up to a pressure of 50 MPa,
and thus the layer remained intact up to this high pressure [30]. The low friction force
can be attributed to the strong steric repulsion and very limited interpenetration between
the branched brush layers, combined with the strong hydration of the PEO side chains.
Moreover, the friction forces between the adsorbed bottlebrush diblock polymer layers
increased slightly more than predicted by Amontons’ rule at high applied loads, particularly
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in solutions with a high ionic strength. This suggests that another energy dissipative
mechanism comes into play (e.g., some shear-induced lateral motion of the adsorbed
molecules along the surface). However, the low friction forces were recovered when the
applied load was reduced, indicating that attachments by electrostatic interaction may
provide self-healing properties by re-adsorption or repositioning of the molecules desorbed
or moved along the surface at high loads.

3.6. Triblock Bottlebrush Polymers

Triblock bottlebrush polymers typically consist of two adsorbing end blocks and a
middle block with a bottlebrush structure with no or low tendency for adsorption. Such
a polymer design is interesting as it will facilitate formations of bottlebrush loops. Re-
cently, an ABA triblock bottlebrush polymer, poly[(quaternized 2-(dimethylaminoethyl)
methacrylate)-co-methyl methacrylate] (P(DMAEMA-co-MMA)), has been prepared by
combining ATRP and post-modification techniques [116]. The triblock bottlebrush poly-
mer was built by two positively charged domains with P(DMAEMA-co-MMA) chains (A
blocks) and a bottlebrush region (B block), decorated with poly(2-methacryloyloxyethyl
phosphorylcholine) (PMPC). The surface and friction forces between the surfaces coated
with the triblock bottlebrush polymers were studied and the results showed that µeff of
the adsorbed polymer layer was as low as 0.0025 up to a pressure of 2.1 MPa in pure
water (Figure 6). The friction coefficient increased to 0.0115 ± 0.0003 in phosphate buffered
saline (PBS) solution at 2.1 MPa due to the conformational changes in the outer part of the
adsorbed polymer in the presence of salt, which was attributed to the increased affinity
of the bottlebrush block to the surface and the screening of the electrostatic interaction
between blocks adsorbed on the surface. A single loop adsorbed structure was formed by
the triblock bottlebrush polymer in pure water, while in the presence of PBS, the polymer
adopted to conformations with multiple loops and trains. The experimental data suggest
that polymer loops are efficient in reducing friction forces as it reduces the interpenetration
zone. This extremely low friction is additionally due to strong osmotic repulsion between
the densely grafted side chains of the triblock bottlebrush polymers and the sliding of the
surfaces is favored by the flow of water molecules during shearing.
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3.7. Wear Resistance Influenced by Molecular Adsorption Strength

The molecular adsorption strength cannot be judged by the polymer adsorbed amount.
For example, polyelectrolytes typically attach more strongly to oppositely charged surfaces
the higher their charge density. In contrast, the adsorbed amount typically decreases with
polyelectrolyte charge density. When surfaces are modified with thin adsorbed polymer
layers to form a well-lubricated surface, it is important that the adsorption strength is
high to promote a long lifetime and function of the layer. The adsorption of the polymers
onto surfaces may take place by non-specific electrostatic and hydrophobic interactions,
hydrogen bonding, or specific anchoring groups. Particular attention has recently been
given to mussel-inspired anchoring of polymers where catechol groups serve as anchors
on the surfaces [120,121]. Catechol groups adsorb at most types of surfaces under wet
condition, even on wet organic surfaces [122], and this provides a new approach to form
efficient aqueous boundary lubrication layers with strong anchors. Self-healing properties
of the adsorbed polymer layers have been observed in electrostatically anchored polymers
systems [29,30,123]. Claesson et al. studied how different functional attachment mecha-
nisms influence the adsorption strength by investigating molecular wear using statistical
and diblock copolymers using different anchoring mechanisms, electrostatic (NH3

+), hy-
drogen bonding/dispersion interaction (catechol), or both NH3

+ and catechol [124,125]. It
is difficult to observe wear scars of a sub-nanometer depth by using AFM. An alternative
for soft adsorbed layers on hard surfaces is to determine the change in surface stiffness with
increasing wear. An increase in stiffness implies that the thickness of the adsorbed polymer
layer is reduced due to wear, and this effect originates from a larger contribution to the stiff-
ness from the underlying substrate. It has been found that the adsorption strength varied
as NH3

+/catechol > catechol > NH3
+ anchoring on silica surfaces in water [124] (Figure 7).

This result implies that the anchoring of polymers containing catechol groups have a better
ability to protect the layer from abrasion compared to electrostatic interactions alone. We
note that anchoring the lubricant to the surface with the aid of electrostatic interactions has
the disadvantage that the load-bearing capacity decreases with the increasing ionic strength
of the solution. This situation can be improved by using non-electrostatically anchoring
groups such as catechol.

3.8. Synergistic Aqueous Lubrication Mediated by Aggregates of Natural Molecules and Polymers

The interfacial frictional behavior of bottlebrush polymers associated with surfac-
tants/phospholipids has been reported [50,126]. The interactions between a co-adsorbed
poly(acrylic acid)-poly(acrylamide) diblock copolymer with cationic surfactant layers on
mica surfaces were investigated by Drummond et al., who found that the lubrication ability
of the surface could be improved by the associated structure, which was attributed to
the hemifusion instability of the adsorbed surfactant layers being inhibited by the copoly-
mer [126]. Furthermore, the aqueous boundary lubrication properties of complexes of
the anionic surfactant (sodium dodecyl sulfate) with positively charged polymers (poly[3-
(2-methyl propionamido)-propyl]trimethylammonium chloride (PMAPTAC)) have been
investigated [50]. The study showed that the friction force was very low, even at pres-
sures up to 20 MPa, except for some friction peaks that occurred due to the load and
shear-induced structural changes in the layer. The data clearly demonstrated that the
association of the polymer and surfactant had a much better aqueous boundary lubrication
performance than the polymer or surfactant alone. This result implies that the internal
organization of the aggregate is essential for developing efficient polyelectrolyte–surfactant
systems for aqueous lubrication. This study provides a new approach to develop efficient
water-based lubrication systems formed by synergistic self-assembly at solid/aqueous
interfaces by utilizing the self-assembly structures of polyelectrolytes and surfactants.

Faivre et al. studied the lubrication and wear protection of a mixture of bottlebrush
polymers and linear polymers (hyaluronan, HA) and found that this mixture provided
wear protection both in water and saline [43]. This was attributed to the synergy of the
two polymers by which a boundary film was formed by entanglements of the bottlebrush
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polymer and HA. Faivre et al. also studied the effects of polyzwitterionic bottlebrush
polymer architecture such as monoblock, diblock, and triblock on the wear resistance,
where both individual bottlebrush polymers and mixture of the bottlebrush polymers
with HA were investigated [46]. The results demonstrated that the rupture pressure (P*)
(i.e., the load bearing capacity) of the thin film formed by the bottlebrush polymers alone
increased with the increasing content of the adhesive blocks on the bottlebrush polymers,
P*triblock > P*diblock > P*monoblock. They suggested that this is because the monoblock poly-
mer is rather peculiar since it has no terminal adhesive end blocks, the diblock polymer
has similar conformation as the monoblock polymer, but also electrostatic interactions with
the surface, while the triblock polymer tends to form loop structures that provide stronger
anchoring to the surface and lower chain interpretation. In addition, the rupture pressure
greatly increased when adding high-molecular weight HA into the bottlebrush polymer
layers. This high protective performance was attributed to the strong intermolecular inter-
action between the bottlebrush polymers and HA. This study provides a new approach
to enhance the interfacial lubrication and wear resistance of surfaces by using bottlebrush
polymers and linear bio-lubricants, opening new routes toward the development of efficient
aqueous boundary lubrication systems.
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stiffness maps show the worn area in the middle of the AFM image. From left to right, at high
loads (top of the worn area), wear was readily seen for electrostatic anchoring, less clearly seen
when catechol groups were used, and not observable when both electrostatic anchoring and catechol
groups were used. The figures were adopted with permission from [124]. Copyright © 2022 American
Chemical Society.

4. Outlook

An excellent aqueous boundary lubrication system will have a low energy dissipation
when the opposing layers slide against each other. This means that the interpenetration
zone should be small and the outer layer should be highly hydrated to allow for hydra-
tion lubrication. The wear resistance of the lubricating layer should also be considered
as it is important to have a high load bearing capacity. This means that the lubricant
should be strongly anchored to the surface, and here, catechol groups are a promising
alternative to electrostatic anchoring. It is also important to have an efficient self-healing
ability, which can be achieved by physical adsorption and by having a reservoir of the
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lubricants available in bulk solution. Several studies have demonstrated that very effi-
cient aqueous boundary lubrication systems can be formed by tuning the structure of
bottlebrush polymers, the layer conformation of bottlebrush polymers, and the molec-
ular adsorption strength. Furthermore, highly efficient intermolecular synergistic lubri-
cation has been achieved by aggregates of natural or synthetical molecules, for instance,
HA/aggrecan, HA/phospholipids, COMP/lubricin, HA/lubricin/Type II collagen, cross-
linked HA/DOPC, polyelectrolyte/surfactant, and HA/bottlebrush polymer. These results
have shown that efficient lubrication can be achieved as different types of molecules work
together. However, more observations are needed to reveal the internal structure of the
aggregates, leading to synergistic lubrication in polymer–surfactant, polymer–polymer, and
polymer–bio-lubricant systems. It is thus important to understand the intermolecular syn-
ergy mechanisms in lubrication and we hope that future studies of water-based lubrication
will pay increasing attention to intermolecular synergies. Moreover, the wear resistance of
the lubricating layer is greatly influenced by the molecular adsorption strength. Thus, fu-
ture studies focusing on the wear resistance of both the lubricating layer and the underlying
surfaces should be of high value. In addition, modeling studies are needed to optimize the
polymer design to achieve excellent lubrication for surfaces of different chemical composi-
tion and surface roughness, which would provide an additional molecular understanding
of the aqueous lubrication mechanism [55,117]. These related studies may not only provide
new approaches to aqueous lubrication processes in technical systems but also lead to the
development of new treatments and technologies to alleviate pain and prevent cartilage
degeneration. The review discusses the significance and effects of the bottlebrush polymer
design for excellent lubrication properties and wear resistance and summarizes the recent
observations of the lubrication properties of bottlebrush polymers. We predict that future
studies will provide answers to the fundamental questions and lead to the development of
new technologies for aqueous lubrication systems, for instance, smart lubricating coatings
with anti-fouling and anti-corrosion properties as well as tissue-engineering scaffolds.
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