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ABSTRACT: Phytoglycogen nanoparticles (PhG NPs), a
single-molecule highly branched polysaccharide, exhibit
excellent water retention, due to the abundance of close-packed
hydroxyl groups forming hydrogen bonds with water. Here we
report lubrication properties of close-packed adsorbed
monolayers PhG NPs acting as boundary lubricants. Using direct
surface force measurements, we show that the hydrated nature of
the NP layer results in its striking lubrication performance, with
two distinct confinement-controlled friction coefficients. In the
weak-to-moderate confinement regime, when the NP layer is
compressed down to 8 % of its original thickness under a normal
pressure of up to 2.4 MPa, the NPs lubricate the surface with a
friction coefficient of 10-3. In the strong-confinement regime,
with 6.5% of the original layer thickness under a normal pressure
of up to 8.1 MPa, the friction coefficient was 102, Analysis of the
water content and energy dissipation in the confined NP film
reveals that the lubrication is governed by synergistic
contributions of unbound and bound water molecules, with the
former contributing to lubrication properties in the weak-to-
moderate confinement regime and the latter being responsible for
the lubrication in the strong-confinement regime. These results
unravel mechanistic insights that are essential for the design of
lubricating systems based on strongly hydrated NPs.

Keywords: biolubrication; nanoparticles; phytoglycogen; green
chemistry; branched polymers

Moving parts in mechanical, biological, and biomedical systems
require constant lubrication. Biolubrication is particularly
challenging, as the lubricant choice is limited by the requirements
for its biocompatibility and low cytotoxicity. Fortunately, nature
serves a source of inspiration for designing biolubrication
systems. For example, healthy human synovial joints function at
a friction coefficient as low as ~10-3-10-2.12 Excellent lubrication
in the joints is achieved by synergistic contributions of different
macromolecular components in the synovial fluid, including
hyaluronic acid, phospholipids, and proteoglycans.>> Although

none of these macromolecules can individually provide efficient
lubrication of joints at high pressures, they form boundary layer
lubricating complexes with each other at the cartilage interface,
which are believed to be responsible for joint lubrication.*

From the molecular perspective, the primary role of lubricating
macromolecules in a lubrication system is to improve the
distribution and retention of water at the liquid-solid interface.%’
These macromolecules retain water at the solid/liquid interface in
the form of sub-nanometric hydration layers,®® which sustain
normal pressures of up to several tens of MPa.® When the surfaces
slide past each other, even on dissimilar surfaces,!? these layers
significantly reduce friction via the mechanism that originates
from energy dissipation in the hydration shells around
hydrophilic moieties.!! In the absence of hydration layers, sliding
of molecules past each other generates a strong friction force. The
hydration lubrication mechanism has been used for the design of
synthetic polymeric lubricants, e.g., polyelectrolytes,!>!3
zwitterionic polymers,!4!3 and polysaccharides, %7 all exhibiting
high water retention when adsorbed or grafted to different
surfaces, and resulting in friction coefficients below 10-2.

Polymer conformation at the solid-liquid interface depends on
density of the polymer surface-attached layers, entanglement of
polymer molecules, and water retention properties of the polymer
film, all of which play a key role in its lubrication performance.!
Lubrication properties of end-tethered polymer molecules in a
brush-like configuration, bottlebrushes, and branched and
crosslinked polymers have been extensively studied.! Over the
past few years, however, polymeric nanoparticle- or
microparticle-based lubricants have attracted special attention,
with a focus on their applications in synovial joint lubrication.'$-
20 One of the advantages of such systems is that, in addition to
lubrication, particles enable the encapsulation and release of
active therapeutic agents.! It has been hypothesized that soft NPs
may lubricate by a rolling mechanism, similar the lubrication
mechanism of hard NPs, e.g., carbon microspheres.”? Yet,
considering the nature of hydrated lubricating polymeric NPs
with elastic modulus on the order of several kPa,?>>* NP rolling
on the surface is unlikely, especially, when they are confined
under the pressure of a few MPa. Notably, despite the lack of
comprehensive mechanistic studies on lubrication by polymeric
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Figure 1. (a) Chemical structure of highly branched PhG NPs made of glucose monomers. The red color highlights the position of branching
in the chain. (b) Schematic representation of the globular NPs in aqueous dispersions (left) and physically adsorbed on mica (right). (c)
Schematic representation of the SFA setup for normal and friction force measurements. Dispersions of PhG NPs with different
concentrations were injected between mica surfaces, forming a layer of adsorbed NPs on each surface. (d) Compression force profiles for
PhG dispersions between mica surfaces at 0, 20, 100 and 1000 pg ml' PhG concentrations. The force profiles did not change at
concentrations higher than 100 pg ml-'. The long-range part of the force profile is attributed to the electrostatic repulsive interactions

between mica surfaces across water, with a decay length, Ap = 55 nm, evaluated by F/R~exp (— Ap

~1D), corresponding to the Debye

length of a 3x10-° M monovalent electrolyte solution. The dashed line is a fit to the Derjaguin-Landau-Vervey-Overbeek theory based on
analytical equations described in Section S3 (Supporting Information). (¢) An AFM image of PhG NPs adsorbed on a mica surface from a
100 pg ml! PhG dispersion. The adsorbed film was dried for imaging. AFM images of PhG NPs adsorbed on a mica surface from
dispersions with NP concentration from 0 to 1000 pg ml! are shown in Figure S3 (Supporting Information).

NPs, the highly hydrated nature of polymers in these NPs would
be a plausible explanation for their lubrication performance.

In the present study, we report outstanding boundary lubrication
performance of highly branched polysaccharide PhG NPs. These
NPs are produced by some plants as glucose storage units, and
are most abundantly found in kernels of sweet corn.?’ During PhG
polymerization and branching in the plants, the NP grows, until
the polymer density in the outer region is sufficiently high, such
that the enzymes catalyzing further NP growth are sterically
blocked.?® Therefore, a globular macromolecule is formed with a
diameter of 30-100 nm (depending on the plant source) and
narrow size distribution is formed.?” Theoretically, 13
generations of branching are possible in these NPs.?® The NPs
exhibit excellent water retention, due to the abundance of
hydroxyl groups forming hydrogen bonds with water. Attenuated
total reflection infrared spectroscopy studies of PhG NPs showed
that their branched architecture and high density of hydroxyl
groups result in oriented and ordered structure of water within the
NPs, which explains their superior water retention properties.?
Based on the results of small-angle neutron scattering (SANS),
each glucose unit is associated to 22 water molecules, equivalent
to a hydration number of 7 water molecules per hydroxyl group.?’
This hydration capacity is significantly high, when compared to
other mono-, di-, oligo- and poly-saccharides, such as glucose,°
sucrose, %31 maltodextrin,3® cellulose ethers,3? and branched
polyglycerols,® in all of which 2-4 water molecules are
associated with each hydroxyl group. Using SANS analysis, the
density of polymer branches in PhG NPs was found to be
uniform, due to the folding back of the flexible glucose chains

into the center of the NPs.3* Rheological characterization
indicates that dispersion of these NPs undergo liquid-to-gel
transition at =~ 29 wt% polymer concentration,® which is
equivalent to the concentration of polymer in a single PhG
NP.27:3436 Above this concentration, an increase in the osmotic
pressure induces NPs dehydration and causes an increase in NP
bulk modulus.?® The physiochemical properties of PhG NPs have
been recently reviewed.?

Using the surface force apparatus (SFA) experiments, we show
excellent lubrication behavior of hydrated PhG NP layers
confined between two solid surfaces. These NPs adsorbed to mica
due to hydrogen bonding between NP hydroxyl groups and
silanol groups on the mica surface. At intermediate pressures of
up to 2.4 MPa, the NPs layers exhibit a friction coefficient of ~
1073, whereas at higher pressures of up to 8.1 MPa, the friction
coefficient does not exceed ~ 10-2. These friction coefficients are
in the range of 10-3-10-2 reported for polymeric soft NP-based
lubricating systems,’*37 and are in the range of 10#-10 reported
for the state-of-the-art synthetic polyelectrolyte and zwitterionic
brushes.!>"1538 We show correlation between the lubrication
properties of PhG NPs and the state and amount of hydration
water at different degrees of the layer compression, thereby
providing insights on the lubrication mechanism of soft NP-based
lubricating systems. Importantly, we achieved a striking
lubrication performance by using biosourced polymeric NPs that
not only fulfill the requirements for hydration lubrication, but are
also cytocompatible and bioactive,>® and have a strong potential
for delivering active pharmaceutical ingredients.*0-41
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Figure 2. Interaction forces between adsorbed PhG NP films under consecutive compression-separation cycles. Compression (a) and

separation (b) force profiles for mica surfaces across 100 pg ml-

performed on the same contact area without delay between cycles.
2.1 nm. The onset of steric interactions, Dy = 2¢, where ¢ is the ads

! dispersion of PhG NPs. The compression-separation cycles were
The NP films were compressed down to a hard-wall thickness tyw =
orbed NPs thickness on one surface. The solid lines are to guide the

eyes. (¢) Schematic representation of the polymer films when the surfaces are far apart (i), when they come into initial contact, D = Dy,

(i1), and when they are compressed down to their hard-wall thickne

ss (iii). These states were reached reversibly during compression and

separation of the films in multiple cycles, suggesting sponge-like behavior of the NPs.

RESULTS AND DISCUSSION

Figure la shows the chemical structure of PhG NPs. The
polysaccharide chains are branched every 10-12 monomer units,
which corresponds to a chain length of ~ 8.5 nm between each
branching point, based on the reported 0.17 nm? volume of a
glucose monomer in PhG.?” Figure 1b schematically illustrates a
PhG NP. The hydrodynamic radius of PhG NPs in deionized
water was 33 nm, with a polydispersity index of 0.07, and (-
potential of 0.73 + 0.43 mV (Figure S1, Supplementary
Information). On the surface of mica, based on atomic force
microscopy (AFM) imaging, the adsorbed hydrated NPs spread
in a pancake configuration (Figure 1b, right) with a maximum
thickness of 12.5 nm.?’

Normal forces between surfaces coated with adsorbed PhG
NPs. A dispersion of PhG NPs was injected between two
atomically smooth mica surfaces, as shown schematically in
Figure 1c, and incubated for one hour for NP adsorption. The
concentration of PhG NPs in the dispersion, Cnp, was varied
between 0 to 1000 pg mL-'. Figure 1d shows the normal force
profiles, F, (D) /R, measured upon surface approach and plotted
vs. the distance, D, between the surfaces Here, F), is the normal
interaction force and R is the radius of the surface curvature (R =
2 cm). Each surface force profile in Figure 1¢ corresponds to the
NP layer formed at a particular Cyp (Figure S2, Supporting
Information shows three force profiles at each Cyp). The
interaction forces between the negatively charged mica surfaces*?
across deionized water exhibited a strong short-range van der
Waals attraction at D < 5 nm, and a long-range repulsive

electrostatic interactions that exponentially decayed with D, with
a decay length of Ap = 55 nm, in agreement with the previously
reported force profiles measured in purified water.!%*3 With the
PhG NP layer formed from the dispersion at Cxp = 20 pg mL-!,
the normal force profile between the surfaces did not significantly
change compared to that in pure water. The AFM image of the
surface with 20 pg mL! PhG NPs concentration (Figure S3,
Supporting Information) shows that at this concentration, isolated
PhG NPs are attached to the mica surface, while most of the
surface remains uncovered. These individual adsorbed NPs are
expected to initiate steric interactions upon compression of the
film. Figure 1d shows this steric interaction of the surfaces as a
weak increase in the normal force at D < 6.5 nm, when the
surfaces were exposed to 20 pg mL-! PhG NP dispersion. Beyond
this distance, electrostatic interactions screened steric
interactions. Increasing Cyp to 100 pg mL™! led to the formation
of a close-packed PhG NP layer on the mica surface (Figure 1e).
Adsorption of NPs resulted in the change of short-range forces at
D < 35 nm, while the exponential decay of the long-range
repulsion remained invariant, compared to that in water. No
further change in the force profile was observed at Cyp = 1000 pg
mL-!, as the surface was already completely covered with the NPs
adsorbing from the 100 pug mL"! dispersion (Figure S3,
Supporting Information). This effect also indicated the absence
of NP multilayers on the surfaces. We attribute a significant
increase in the short-range forces at Cyp > 100 pg mL! to
repulsive steric interactions between the PhG NP layers adsorbed
on mica surfaces.
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Further studies of normal and friction forces were conducted for
PhG NP layers formed on mica from the dispersion with Cyp =
100 pg mL-!. Adsorbed NP layers on the same contact area were
compressed (Figure 2a) and decompressed (Figure 2b) in three
successive cycles that were conducted immediately after each
other, with each cycle completed in approximately 200 s. In the
compression and separation force profiles, the decay lengths of
the long-range interaction forces Ap = 54 + 2 nm and Ap = 57
+ 3 nm, respectively, were consistent with the decay lengths of
electrostatic interaction forces observed in pure water (Ap = 55
+ 2 nm). In all compression cycles, the steric repulsion was
detected at a Dy =33.6 + 0.6 nm, and consistently, disappeared at
Dy = 32.8 £ 2.3 nm upon decompression. Considering that
adsorbed NPs cover both surfaces, from the onset of steric
repulsion, we conclude that the thick-ness of the adsorbed PhG
NP layer was ¢ = Dy/2 = 16.2 £ 0.7 nm, which is close to 12.5 nm
measured in AFM experiments.?” Although the NP layers were
compressed to a hard-wall thickness of 2.1 nm (the minimum
distance between the surfaces achieved upon compression), and
potentially, exuded most of their hydration water, the thickness ¢
of the hydrated PhG NP layer did not change in multiple cycles.
This effect suggests reversible swelling/deswelling and sponge-
like behavior of the NP layer. The perfect recovery of the
adsorbed NPs in multiple compression-separation cycles suggests
weak and transient (or the absence of) entanglement and/or
attractive intermolecular interactions between the polymer
branches of the NPs, even under strong compressive forces.
Highly repulsive intermolecular interactions and the absence of
entanglement have been reported previously for other highly
branched polymers,*¢ In adsorbed PhG NPs layers, hydration
and steric repulsive interactions between polymer branches are
responsible for this behavior. Theoretical analysis predicts that
repulsive intermolecular interactions of branched polymers can
potentially, provide them with excellent lubrication properties.*’

Overall, the behavior of PhG NPs in compression-separation
cycles followed three regimes (Figure 2¢): (i) at large separation
distances, with D > D, the NP layers on the approaching surfaces
were not in contact, and the resulted normal force originated from
the long-range repulsive electrostatic interactions between the
mica surfaces in water; (ii) At D = D, adsorbed layers came in
contact, which resulted in repulsive steric interactions between
the surfaces; (iii) At D <D, adsorbed NP layers were compressed
and lost their hydration water (will be confirmed in this study).
These three regimes were reproducible in multiple
compression/decompression cycles.

Lubrication properties of adsorbed PhG NP films. Friction
forces were studied for the PhG NP layers adsorbed from the
dispersions with NP concentration of 100 ug ml!. A triangular
oscillatory voltage applied to a piezo bimorph slider driving the
bottom surface (Figure 3a, top) induced back-and-forth motion to
this surface. This sliding motion generated a lateral force, F),
transmitted to the upper surface through the confined NP layer.
Figure 3a, bottom shows an example of shear force traces. The
shape of these races indicates that the sign of the measured lateral
force alternates between negative and positive depending on the
sliding direction. The amplitude of the oscillation of Fy
(corresponding to the friction force, Fi) exhibited an order of
magnitude difference between low and high normal loads, F;, =
0.7 mN (P = 1.2 MPa, red traces) and 8 mN (P = 5 MPa, black
traces), thus corresponding to the moderate and strong layer
confinement, respectively. Figure 3b shows that F increases
linearly with the normal force and exhibits two lubrication
regimes, characterized by different slopes. A weak-to-moderate-
confinement regime (also shown in the inset of Figure 3b at
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Figure 3. Lubrication properties of adsorbed PhG NP films. (a)
Friction traces for mica surfaces sliding across adsorbed PhG NP
films at 50 mHz (equivalent to 3 um s1). During each shearing
cycle, the oscillatory applied voltage to the friction device
(shown in the top panel) induces a lateral force, F, with an
averaged amplitude equivalent to the friction force, F; (bottom
panel). Red and black traces in the bottom panel correspond to
F, 0f 0.7 and 8 mN, respectively. (b) Variation in friction force,
F, vs. the normal force, F,, for the confined PhG NP layers at a
sliding velocity of 3 um s™'. The low-confinement regime with
friction coefficient p = 0.003 £ 0.002, persists until a normal F,
=3.0 mN (equivalent to pressure of P =2.4 MPa) at a separation
distance D = 2.6 nm. The strong confinement regime, with p =
0.013 £ 0.001, was tested up to a normal force of 12.8 mN
(equivalent to pressure of 8.1 MPa) at a separation distance D =
2.1 nm. Inset shows the magnified region at 7, < 3.0 mN. Black
and red show two independent measurements.

higher magnification) existed at F;, < 3.0 mN (equivalent to P <
2.4 MPa, separation distance of 2.6-32 nm, and degree of
confinement, D/Dy, from 1.0 to 0.08). A strong confinement
regime corresponded to a high normal load of 3.0 < F;; < 12.8 mN
(equivalent to 2.4 <P <8.1 MPa, separation distance of 2.6-2.1
nm, and degree of confinement, D/Dy, from 0.08 to 0.06). The

corresponding values of the friction coefficient, 4 = Fs/p n, Were
0.003 £ 0.002 and 0.013 £ 0.001 for these two regimes,
respectively, demonstrating superlubrication performance of the
adsorbed PhG NP layer, that is lubrication properties with # <
10 ~2,1537 Real-time monitoring of the deformation of fringes of
equal chromatic order (FECO) revealed that no damage was
detected to the sliding surfaces up to 8.1 MPa pressure (Figure
S4), suggesting excellent wear-resistant properties of the NP
layer.

To gain insight into the lubrication mechanism by PhG NPs, we
examined the correlation between the variation in the friction
force and the content of water of the confined layer. The latter
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Figure 4. Compression-induced dehydration of the polymer films. (a) Variation of the friction force with distance, D, scaled with the
onset of steric interactions, Dy = 32.4 nm, when the NPs were gradually compressed under the applied normal force. In the weak-to-
moderate-confinement lubrication regime, where p = 0.003 + 0.002, adsorbed NPs were compressed to a thickness of 2.6 nm (1.3 nm on
each surface). In the strong-confinement regime (highlighted in yellow color), where p = 0.013 £ 0.001, the NP film thickness decreased
moderately to 2.1 nm. The patterned area at D < 2.1 nm shows the polymer films at their highest compression limit. Dark and light blue
show the same two independent measurements as in Figure 3b. (b) The variation of the water volume fraction with the degree of
confinement. The scattered data points are shown in light-blue color, while the averaged data points at different degrees of confinement
are shown in dark-blue. Regions (i), (i) and (iii) indicate weak-, Moderate-, and strong-confinement regimes. (c) Schematic
representation of water expulsion from the NP layer at three regimes of film compression shown in panel b. Unbound and bound water
molecules are shown in blue and red, respectively. Blue and red arrows illustrate unbound and bound water expulsion, respectively. The

black arrow show polymer chain stretching and lateral deformation.

property was determined by in situ measurement of the refractive
index of the confined film under compression (Figure SS,
Supporting Information shows the relationship between the
refractive index and polymer volume fraction). Figure 4a shows
the variation of F with the degree of PhG NP layer confinement,
defined as D/D,, where Dy = 32.4 + 1.7 nm is the onset of steric
interactions between the films at the opposing surfaces. Figure 4b
shows the corresponding variation in the water volume fraction,
Oy, of the confined layer. In the weak-to-moderate confinement
regime, 0.08 < D/D, < 1.0, the magnitude of F was of the order
of ~102 mN, and the corresponding variation in water volume
fraction exhibited two distinct behaviors. In the weak
confinement regime, 0.4 < D/D, < 1.0, with the thickness of the
PhG NP layer decreasing from 32.4 to 13 nm, the variation in ¢,
vs. compression was insignificant, that is, from 80.8 £ 0.2 to 79.6
+ 0.9 vol%. In the moderate confinement regime at 0.08 < D/D,
< 0.40, the decrease in ¢y, was from 79.6 = 0.9 to 28.9 + 12.8
vol%. On the other hand, in the strong confinement regime at
DI/D, < 0.08, the value of Fj significantly increased to ~10! mN,
and the corresponding layer thickness changed only from 2.6 to
2.1 nm. The corresponding water content in the confined NP layer
decreased insignificantly from 28.9 + 12.8 to 24.7 £ 13.6 vol%.

Since at D/Dy = 1.0, the volume fraction of water, ¢, of 80.8 vol
% was close to the water volume fraction of 80.2 vol % for an
individual PhG NP (as determined by SANS),?” we conclude that

the confined layer was composed of close-packed PhG NPs,
consistent with the AFM results shown in Figure le. This
concentration also coincides with the onset of sol-gel transition
in PhG NP dispersions,®® suggesting that the uncompressed
confined film of the NPs at D/Dy = 1.0 forms a mechanically
weak hydrogel. Figure 4c schematically illustrates the
mechanism of water expulsion from the confined PhG NP
hydrogel layer. We recall that water molecules in hydrogels are
categorized in two distinct groups, namely, bound and unbound
water molecules.*’” Unbound water molecules in hydrogels have
thermodynamic properties similar to those of water molecules in
liquid state but they are trapped in the polymer network,*’
whereas bound water molecules are hydrogen-bonded to the
polymer chains and thus have different thermodynamic
properties than free water molecules. By measuring the enthalpy
of fusion of water using differential scanning calorimetry (DSC),
we characterized these two populations of water molecules in a
PhG NP hydrogel with 19 vol% polymer content, equivalent to
the concentration of polymer in the uncompressed confined film.
At this concentration, fully hydrated PhG NPs are close-packed,
with no interstitial water between them.3>3¢ The DSC results
indicate that out of 80.8 vol % water existing in the NP film,
55.14£1.5 vol% is in the unbound state, whereas 25.7+1.5 vol% of
water is hydrogen-bonded state (Figure S6, Supporting
Information). Compressing the film down to D/D0 = 0.4 in the
weak-confinement regime did not significantly change the
volume fraction of water and polymer in the film. Flattening of
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the confined layers of PhG NPs and lateral rearrangements of
polymer chains (Figure 4c, 1) resulted in squeezing out a fraction
of NPs from the contact area. Therefore, in this regime, the
volume fractions of the polymer and water remained invariant.
Further compression of the confined layer to D/D, = 0.08 in the
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Figure 5. Velocity-dependence of the friction force in the
moderate-confinement regime (P = 1.2 MPa), in the onset of
change in the lubrication regime (P = 2.4 MPa), and in the
strong-confinement regime (P = 5.0 MPa). The dashed lines are
for eye guidance. The solid line is the best linear fit, Fs
=A+BIn(V)), indicating an Eyring-like rate activated
process.

moderate-confinement regime, however, resulted in a decrease in
Oy to 28.9 + 12.8 vol%, which was attributed to the expulsion of
unbound water from the NPs layer (Figure 4c, ii). The
insignificant decrease in water volume fraction in the strong-
confinement regime from 28.9 + 12.8 to 24.7 + 13.6 vol% is
attributed to a slight expulsion of bound water as shown in Figure
4c¢, (iii). This measured fraction of bound water from the
refractive index analysis is consistent with the 25.7 vol% fraction
of bound water molecules measured using DSC.

Confinement-induced dehydration of the PhG NPs significantly
affects the mechanism of frictional energy dissipation in the
lubricating film. Figure 5 shows that the variation of the friction
force with the sliding velocity depends on the lubrication regime.
Velocity independent lubrication was observed in the moderate-
confinement regime. In the strong-confinement regime, however,
the friction force weakly increased with the sliding velocity. We
attribute velocity-independent lubrication in the moderate-
confinement regime to a “self-regulating” lubrication mechanism
that has been previously reported for lubricating polymer
brushes.!4*849  According to this mechanism, compressed
polymer chains adsorbed to the opposing surfaces form an
interpenetrating zone with thickness 8. The shear rate in this zone
is equivalent to V1/8, where Vi is the sliding velocity. The
polymer chains in this zone relax at a rate of 1/7(8), where 7(5)
is the 6-dependent relaxation time of the chains, and the friction
force between the polymer layers is velocity-independent when
1/2(8) = V6. For this equality to hold, the polymer chain
relaxation time and the degree of the interpenetration have to be
adjusted in the interpenetrating zone in a self-regulatory manner,
which requires rearrangement and mobility of the polymer chains
under shear. This mechanism relies on polymer relaxation time T
(8) in the interpenetration region, rather than the entire chain.*
In the present work, due to the presence of unbound water content
in the PhG NP layer in the moderate-confinement regime and fast
dynamics (rearrangements) of polymer chains in the

interpenetration zone, this self-regulation mechanism remains
valid, as evident from the velocity-independent friction force. In
addition, branched polymers are expected to exhibit stronger
repulsive forces when forced to overlap.*® Therefore, branched
PhG NPs would show a stronger steric repulsion between the
polymer chains, thus facilitating the decrease in the thickness of
the interpenetration zone at high sliding velocities, which is
required for maintaining a constant low fiction coefficient. This
mechanism, is exclusive to fluid polymer films and prevails in the
low- and moderate-confinement regimes, because of the presence
of unbound water molecules in the PhG NP layer at the shearing
interface. In the strong-confinement regime, however, closed-
pack polymer branches of PhG NPs are only separated by
hydrogen-bonded water molecules. The logarithmic dependence
of the fric-tion force with the sliding velocity that is observed in
this regime is reminiscent of Eyring-like rate-activated process,
which has been reported for solid-friction and boundary
lubrication systems.*® According to this mechanism, at high
compressive pressures, surface (molecular) asperities have to
overcome an energy barrier AE, when sliding past each other.
This effect gives rise to a friction force that is logarithmically
related to the sliding velocity V), through the relation Fs = A + B.
In (Vy), where 4 and B are constants related to the energy barrier,
temperature, contact area and the stress activated volume.!!’!
This rate-activated lubrication mechanism has been reported for
hydration lubrication by bound hydration molecules surrounding
adsorbed counterions at charged surfaces.!!’! Therefore, from the
velocity dependence of the friction force in the PhG NPs layers,
it is inferred that in the strong-confinement regime sliding the
bound hydration shells past each other dictates the energy
dissipation mechanism, whereas in the moderate confinement
regime viscous dissipation due to the fluidity of unbound water
molecules and mobility of polymer chains is responsible for the
lubrication.

Monitoring the rheological properties of the polymer film at
different confinement degrees provides further evidence of
different energy dissipation mechanisms depending on the
confinement regime. The effective viscosity of the confined NP
layer was determined by oscillating the upper surface and
measuring the coupling of the oscillation of the upper surface
with the lower surface, which is supported on a cantilever spring
with spring stiffness K. The oscillations are in the normal
direction to the lower surface with an amplitude 4, and frequency
v, causing the lower surface to oscillate with a relative amplitude
A. It has been shown that the effective viscosity of the confined
media between the two surfaces follows the equation??

0.5

, (1)

n(D) = %{@)2 ~(x —£)2

where f =dF (D)/dD s the gradient of the normal interaction
force between the two surfaces and R = 2 cm is the radius of
curvature of the surfaces. Figure 6a shows plots of 12m*R%y
NK[(A0/A)*-(1-f1K)*]°3) against the separation distance D with
PhG NPs dispersed in the media and adsorbed on the surface. The
inverse of the slope of the plotted data gives the viscosity. At
large separation distances (D >> 33 nm), the data follows a linear
variation with D similar to that in pure water (Figure S7,
Supporting Information), whereas at D < 33 nm the slope
decreases gradually with the separation distance, which indicates
that a more viscous media is detected with increased
compression. This trend is consistent with previous
measurements for adsorbed polymer layers on surfaces.!>33
Figure 6b shows the corresponding effective viscosity values vs.
the degree of layer confinement. The viscosity of the media at D
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>> 33 nm (D/Dy >> 1), was e = 0.96 £ 0.05 mPa s, which was
similar to 0.97 + 0.04 mPa s measured for pure water (Figure S7,
Supporting Information). At D/Dy < 1, however, the viscosity
increased slightly to 1.3 + 0.1 mPa s because of the presence of
swollen adsorbed NPs in the weak-confinement regime. This
viscosity remained unchanged until D/D, = 0.4, where the film
composition did not change with compression. With further
compression, in the moderate-confinement regime, the viscosity

2 12— . : : :
= 10} . I
<_ it . {
& 8 A t I
o il .
=»6r 0 10 20 30 1
I= ;
%‘E ar . Slope = 1/m(D) ]
| . ]
§ .
0_-3"' ‘ . . . .
0 20 40 60 80 100 120
b .5 Separation distance, D (nm)
‘5‘ T
&
\E, 12
= g
2
‘@
g e *
>
o
Z 3 4
G
o P
= = [ e e T ST TR, ISR
w g L
0.1 1

Degree of confinment, D/D,

Figure 6. Determination of effective viscosity of the
confined PhG NPs film. (a) Plot of viscosity measurements
using normal oscillation of surfaces. The viscosity is
determined from the inverse of the slope at different
separation distances. The inset shows the magnified region
at D < 30 nm, where the viscosity increases because of the
presence of the NPs layer on the surface. Red and black show
two independent measurements. (b) The measured viscosity
vs. the degree of confinement. The patterned and yellow
regions highlight the same confinement limits as in Figure 4.
The inset schematically illustrates the viscosity
measurement. The dashed line shows the viscosity neg=0.96
+ 0.05 mPa s at D/Dy>> 1. The solid line is given for eye
guidance.

increased to 2.8 + 0.5 mPa s at D/Dy = 0.08, which is attributed
to unbound water exudation and increased polymer fraction in the
film. Nevertheless, such low viscosity values still indicate
effective viscous dissipation in the film. In addition, in the
medium-confinement regime at 0.08< D/D, < 0.4, water
expulsion contributes to an increase in the bulk modulus of the
adsorbed NP film, as suggested by a recent study showing that
confinement-induced dehydration of PhG NPs leads to an
increase in their bulk modulus.’® In the strong-confinement
regime (0.065 < D/Dy < 0.080), the effective viscosity sharply
increased to 13.6 + 0.5 mPa s. Considering that the composition
of the film does not change significantly in this regime, this
increase in viscosity is attributed to the enhanced resistance that
the sliding close-packed glucose and water molecules experience
during their rearrangements.
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The analysis of the extent of hydration and energy dissipation in
the confined PhG NP layer suggests that the mechanism of
superlubrication originates from different states of water
molecules in the NP layer, as illustrated in Scheme 1. Previous
reports suggest that confined nanometer-thick film of water
exhibit excellent energy dissipation capability that contributes to
surface lubrication.’*>> However, retaining water molecules in a
confined layer under high pressures is challenging and requires
binding them transiently to the surfaces through various
molecular interactions. Water molecules that are bound to
hydrophilic moieties via hydrogen bonding or electrostatic
interactions showed excellent lubrication properties, despite
bound water higher viscosity and less efficient energy dissipation
compared to unbound water.!!

In adsorbed PhG NP layers, in addition to bound water molecules,
the highly hydrophilic and densely packed hydroxyl groups trap
the unbound water molecules in a three-dimensional branched
polymer network. Therefore, the unbound water molecules
remain in the confined layer under up to 2.4 MPa pressures (in
the weak- and moderate confinement regimes, D/D, > 0.08) and
strongly contribute to the lubrication properties. Although such
trapping of unbound water occurs in hydrogels, the

@& Unbound water @ Bound water
Moderate-confinment regime

Viica

Compression

Strong-confinment regime

viica W,
q - /
~
\-0.
s T

p~10%

Scheme 1. Illustration of the confined PhG NPs layer in the
moderate (top) and strong (bottom) confinement regimes. The
zoomed-in areas show polymer and water molecules in the two
regimes. This schematic does not show interactions between
hydroxyl groups of the PhG NPs and silanol groups of mica.

superlubricating performance of unbound water molecules was
not observed in boundary lubricating crosslinked polymer films.
Experimental studies have shown that, despite their strong water
retention, crosslinked end-grafted polymers result in higher
friction coefficient compared to non-crosslinked end-grafted
polymers.>637 Molecular dynamic simulations have also shown
that intermolecular constraints in crosslinked end-grafted brushes
in form of hydrogels induce resistance to shear, and negatively
affects the lubrication performance.’® Therefore, the design of
superlubricating hydrogels usually involves incorporating non-
crosslinked brushes at the hydrogel surface.>*% In the case of the
adsorbed PhG NP layer, however, no entanglement (physical
crosslinking) occurs between the polymer branches in the
confined layer even under strong compressions. Therefore,
lubrication in this layer benefits from excellent water retention
properties of hydrogels, without the negative effects of polymer
crosslinking on the energy dissipation.

In the strong-confinement regime (D/D, < 0.08, P > 2.4 MPa),
however, when only bound water molecules remain in the NP
layer, the lubrication is governed by energy dissipation in the
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bound hydrtion shells. Energy dissipation in the bound hydration
shells causes a significant decrease in the heat generated from
irreversible conversion of potential to kinetic energy following
the overcoming of the energy barrier as the molecules slide past
each other. This effect decreases the friction force by some orders
of magnitude compared to non-hydrated molecules.” To clarify
why the energy disspipation is more efficient with unbound water
molecules, we refer to the different dynamics of water molecules
in the unbound and bound states. In the unbound state, water
reorientation occurs on a time scale of ~ 2 ps, whereas in the
bound hydration shells this time scale increases to several tens of
picoseconds.®! An order of magnitude slower dynamics of the
water molecules in the bound state compared to unbound state
results in weaker energy dissipation in the confined NP layer, as
evident from the viscosity and friction force being one order of
magnitde larger in the strong-confinment regime than in the
moderate-confinment regime.

The friction coefficient of the bound hydration shells in the PhG
NP layer in the strong confinement regime, ~1072, is larger than
that for hydration shells of adsorbed ions, ~104-10-3, reported for
adsorbed Na" ions on mica surfaces. This difference can be
explained by the higher concentration of bound water molecules
in the hydration shells of the Na* ions. The number of bound
water molecules in the hydration shell of glucose monomers is 2-
3 (Table S1), whereas for Na*ions this number is 5.5 Considering
that the diameter of glucose monomers in the PhG NPs is 0.7
nm,?” and Na* ions occupy the negatively charged lattice sites on
mica surface that are 0.7 nm apart,!! the concentration of bound
water molecules in the hydration shells of a film of adsorbed Na*
ions on mica surface is approximately twice higher than that in
the hydration shell of close-packed glucose monomers at the
rubbing interface. In addition, electrostatic interactions can be
another factor contributing to the lower friction coefficient of the
adsorbed ion layers, compared to our uncharged NP films.
However, from the practical point of view, bound hydration
shells in PhG NP layers are advantageous lubricating systems,
because of their wear resistance properties. In the presence of
subnanometric adsorbed bare ion layers, on atomically smooth
mica surfaces, the rubbing surfaces were easily damaged, because
of misalignment of mica lattices at the rubbing contact area (mica
surface roughness).!! With PhG layers of few nanometer
thickness, however, such effects of surface asperities are
smeared, and the NP layers act as a wear-protective layer, in
addition to reservoirs of bound and unbound water for
superlubrication. Another important mechanism that may
contribute to the wear-resistant properties of the PhG NP film is
the ability of the NPs to “self-heal” their attachment to the surface
during shear experiments. These NPs are adsorbed to mica by
forming hydrogen bonds between their abundant hydroxyl groups
and mica surface silanol group. Hydrogen bonding is reversible
and can be broken at high shear rates, however, a highly branched
and dense nature of PhG NPs ensures adsorption of another
branch to the surface when such bond is broken, thereby self-
healing the lubricating film. Therefore, we never observed
damage of the rubbing surfaces coated with PhG NP layers with
pressures up to 8.1 MPa, as shown in Figure S4.

CONCLUSION

In this study, we introduced highly branched PhG NPs as
biosourced boundary superlubricants. The NPs form dense highly
hydrated adsorbed layers on mica surfaces, which even at the high
degrees of confinement do not exhibit attractive interactions or
entanglement. Our results provide evidence of the synergistic
contribution of bound and unbound water molecules to
superlubrication properties of PhG NP layers. Up to 2.4 MPa

normal pressure, confined NP layers retain unbound water
molecules, which results in an ultralow friction coefficient of 10-
3. At higher normal pressure (up to 8.1 MPa), water molecules
hydrogen-bonded to glucose monomers remain in the layer,
leading to a friction coefficient of 102, owing to hydration
lubrication. The lubricating performance of the nature-derived
PhG NPs is comparable to the state-of-the-art synthetic polymeric
lubricants.!>!437 Due to their biocompatibility, PhG NPs are a
very promising candidate for lubrication in biological
environments. Chemical and physical modification of these NPs
would provide the capability of combining their excellent
lubricating performance with drug delivery applications.

EXPERIMENTAL SECTION

Materials. PhG NPs were kindly provided by MIREXUS
Biotecnologies Inc., following their extraction from sweet corn
kernels, purification and subsequent characterization.?’” Aqueous
dispersions of PhG NPs were prepared by dispersing them in
deionized water (resistivity 18.2 MQ cm, from the Milli-Q Water
Purification System). The dispersion was further purified by
dialysis against deionized water using a cellulose acetate
membrane (Sigma Aldrich Dialysis Membrane Tubing, with
molecular-weight cut-off 12 kDa) for seven days, with water
replacement twice a day. The final concentration of the PhG NPs
in the dispersion (7.8 mg mL") was determined by measuring
NPs dry mass. The dispersion was diluted to 20-1000 pg mL-!
PhG concentrations prior to the experiments. For the surface
force and atomic force imaging experiments, Grade 1 ruby-mica
was supplied by S&J Trading. Platinum wire (99.99 %) with
diameter 0.25 mm was purchased from Sigma Aldrich Canada.

Surface force measurements

Surface preparation. Back-silvered mica surfaces were prepared
following a previously reported protocol.®>% Briefly, freshly-
cleaved mica sheets with thickness 1-3 pm were cut using a hot
platinum wire, and silver-coated by physical vapor deposition
(Covap PVD, Angstrom Engineering Inc.) at a deposition rate of
0.2 nm s! to a final silver thickness of 55 nm. The back-silvered
mica pieces were then glued (silver down) to cylindrical glass
discs (radius R =2 cm) for the surface force measurements.

The glass discs carrying the mica sheets were mounted in a cross-
cylindrical configuration on the surface force apparatus (SFA
2000 93) for determining the reference contact point, which was
mica-mica contact in dry air. The SFA chamber was purged with
an Argon flow for 30 min to dehumidify the surfaces. The
surfaces were approached to each other by a micrometer screw
gauge, while white light beam was passing through the surfaces.
Fringes of equal chromatic order (FECO) were generated by
multiple reflection of the light beam between the two back-
silvered mica sheets.® At contact, where the surfaces slightly
deform, the position of fringes of equal chromatic order (FECO)
was recorded using a spectrometer and a CCD camera, and was
used as the reference mica-mica contact point in a dry condition.

Normal forces measurements. An aqueous dispersion with PhG
NP concentration of 20, 100 or 1000 pug mL™' was injected
between the mica surfaces and left unperturbed for one hour. The
surfaces were then approached using a DC motor at a constant
speed of 3 nm s until the immediate contact. At this point the
surfaces were compressed for 10 min before they were separated
to a final separation distance of =~ 600 nm, at a constant speed of
6 nm s'!. During the approach and separation, the normal forces
were recorded by measuring the deflection of the spring
cantilever supporting the lower surface.*>%-%8 For each PhG NP
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concentration, three compression-separation cycles were
performed on the same contact area, immediately after one
another as described above. These three cycles were repeated in
at least, three independent experiments.

Friction force measurements. The friction force was measured at
different normal loads (or different separation distances). The
shear cycles were applied when the PhG NP-coated surfaces
came to contact and the surface separation was comparable with
the adsorbed NP dimensions. A piezoelectric bimorph drove the
lower surface in a back and forth motion at a constant sliding
frequency of 50 mHz controlled by a waveform generator
(Agilent 33250A, Agilent Technologies, Inc.). The shear force
transmitted to the upper surface was detected by semiconductor
strain gauges. The separation distance was also continuously
recorded during the friction experiments by monitoring the FECO
position. Five shearing cycles were applied at each load to ensure
the lubrication properties of the PhG NP layer do not change. A
total of more than 100 shear cycles were applied to the same
contact area in a single experiment. To examine the dependence
of friction force on shear frequency, the latter was changed in the
range of 5-500 mHz at different fixed normal loads of ~ 1, 3 and
8 mN. The pressure between the compressed surfaces was
calculated as P = Fn/ma? where Fy, is the normal load and @ is
the radius of the deformed area.

Viscosity measurements. The effective viscosity of the liquid
confined between mica surfaces was measured using the SFA
following a previously reported protocol.>? For this measurement,
the upper mica surface was attached to a piezoelectric crystal, and
an alternating current was supplied to the crystal to oscillate the
surface at an amplitude of 4, and frequency of v, normal to the
bottom surface. At large surface separation, the lower surface was
not affected by the oscillation of the upper surface, and the FECO
also oscillated with amplitude A4,. As the surfaces approached
each other, the oscillation of the upper surface was transmitted
through the confined liquid to the lower surface, which was
supported on a cantilever spring with spring constant K.
Eventually, when the surfaces were close enough, they oscillated
concurrently with the same amplitude, as their motions were
coupled. Therefore, the amplitude of the oscillation of the
separation distance, 4, decreased from A at large separations to
close to zero, when the motions of the surfaces were coupled.
Equation (1) was used to extract the viscosity as described above.
In these experiments the applied AC voltage had an amplitude of
2.5V, equivalent to 4o ~ 11 nm, and a frequency of 0.5 Hz. The
effective viscosity of thin polymer films may differ from bulk
rheological properties of the NP dispersions, due to significantly
smaller oscillation amplitudes used in our measurements in
comparison to those conventionally used in macroscopic
rheological experiments.

Refractive index measurements. Analysis of the FECO can be
used to estimate the value of refractive index of the confined fluid
between the mica surfaces. The refractive index, n, was
calculated from%?

G—DF_1 A1 =20y
n=Npicq TR —n 2)

where  Mmica= 1.593 + 4.76 x 105/ %% is the average
refractive index of mica, J is the fringe order, and F; ~ 1.024 +

1/j. Here, A7 is the wavelength position of the j® fringe, with the
fluid between the surfaces, and l}) is the wavelength position of
the j® fringe for mica-mica contact in air. The resulting refractive
index values have a standard deviation of +£0.001 that gradually
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increases to +0.02 as the degree of confinement decreases from
D/ Dy=1.0to D/ Dy = 0.06. For clarity, the refractive index
values and their corresponding volume fractions were also shown
by averaging the data and presenting them as discrete data points.
Each discrete data point presented by dark-blue symbols
represents average and standard deviation of all data points (light
blue circles) present in a region of x axis represented by the
diameter of the dark-blue circle.

Atomic force microscopy. PhG NP dispersions with
concentrations of 0, 20, 100 and 1000 pug mL-' were deposited on
freshly cleaved mica sheets and left unperturbed for 1 hour to
adsorb. The dispersion was then removed from the surface, and
the surface was dried using a strong flow of compressed nitrogen.
Atomic force microscopy height images were acquired using a
Bruker Inspire™ in tapping mode using a platinum/iridium-
coated tip (NanoWorld Arrow-NCPt, force constant = 42 N/m,
resonance frequency = 285 kHz, tip radius < 25 nm) in dry air.
The data were recorded using the NanoScope v9.40 software
package. To account for the effect of tip radius in AFM imaging,
we conducted a deconvolution process using Mountains®8
software, with tip radius of 25 nm (measured using scanning
electron microscopy (SEM), as shown in Figure S3.

Dynamic light scattering. Size distribution and C-potential of
the PhG NPs were characterized using a Zetasizer Nano-ZS
(Malvern Instruments Ltd.) at a scattering angle of 173°. The
dispersion was equilibrated at 294 K for 2 min before each
measurement. The reported data show mean and standard
deviations of three measurements.

Refractive index of PhG dispersions. The refractive index of
the PhG NPs dispersions with concentrations in the range 0-30
wt% were measured using an Abbe refractometer (Reichert Abbe
Mark II, Reichert Technologies Inc.) with sodium D line (589.3
nm) illumination at 22 °C.

Differential scanning calorimetry. The fraction of
bound/unbound water in a 29 wt% (equivalent to 19 vol%, dry
NP basis) PhG dispersion was determined using a differential
scanning calorimeter (Q2000, TA instruments), following a
previously reported protocol.?>® The PhG NPs hydrogel
specimen (12 mg) was placed in the DSC chamber, sealed and
cooled to -50 °C at a rate of 5 °C min’!, and left for 5 min to
equilibrate. The hydrogel was then reheated at 5 °C min’! to 40
°C. The melting point of freezing unbound water was observed at
= 0 °C, and the corresponding enthalpy of fusion AHeyp of 235 J
¢!, was used to calculate the fraction of unbound water, Xus,
based on water enthalpy of fusion, AHy, of 330 J g (measured
following the same protocol used for the hydrogel), according to
XUB = AHeXP/AHw,
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