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1. Introduction

Frictional behaviour of plant proteins in soft
contacts: unveiling nanoscale mechanismsi

Evangelos Liamas, ©§* Simon D. Connell® and Anwesha Sarkar & *2

Despite the significance of nanotribology in the design of functional biomaterials, little is known about
nanoscale friction in the presence of protein-coated soft contact surfaces. Here, we report a detailed
investigation of frictional behaviour of sustainable plant proteins at the nanoscale for the first time, using
deformable bio-relevant surfaces that achieve biologically relevant contact pressures. A combination of
atomic force microscopy, quartz crystal microbalance with dissipation monitoring, and friction force
microscopy with soft polydimethylsiloxane (PDMS, 150 kPa) surfaces was employed to elucidate the
frictional properties of model plant proteins, i.e. lupine, pea, and potato proteins at the nanoscale while
systematically varying the pH and ionic strength. Interactions of these plant proteins with purified mucins
were also probed. We provide the much-needed direct experimental evidence that the main factor
dictating the frictional properties of plant proteins is their affinity towards the surface, followed by the
degree of protein film hydration. Proteins with high surface affinity, such as pea and potato protein, have
better lubricating performance than lupine at the nanoscale. Other minor factors that drive lubrication
are surface interactions between sliding bodies, especially at low load, whilst jamming of the contact
area caused by larger protein aggregates increases friction. Novel findings reveal that interactions
between plant proteins and mucins lead to superior lubricating properties, by combining high surface
affinity from the plant proteins and high hydration by mucins. We anticipate that fundamental
understanding gained from this work will set the stage for the design of a plethora of sustainable
biomaterials and food with optimum nanolubrication performance.

dryness, an unpleasant sensation during oral processing. This
causes poor outcomes when used in food, oral care applications

Proteins possessing an array of genetically encoded structures
and unique mechanical features have been widely exploited to
create a rich palette of functional biomaterials with tailored
properties. Due to a recent focus on attaining environmental
sustainability and net zero, there is an increasing need to shift
towards the utilization of alternative and environmentally
friendly protein sources for designing protein-based biomate-
rials. Consequently, there is an upsurge in research efforts on
understanding the structure and properties of plant proteins
across multiple length scales for their application in food, feed,
biomedical, biotechnological and allied soft matter sectors.
Often plant proteins are associated with astringency and
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and oral medicines, particularly hindering large scale accep-
tance for the transition from animal proteins. Such astringency
has been often attributed to the lubrication failure of salivary
proteins, though the exact mechanism remains elusive.'
Tribology, the science of friction, lubrication and wear has
emerged as a mechanical tool to quantify such perceived astrin-
gency where higher friction coefficients have been correlated with
astringency perception.*® While there has been an increasing
research effort into understanding these phenomena, they have
exclusively taken place at the macroscale.” The tribological
behaviour of plant proteins at the nanoscale, which can shed
light on the fundamental mechanism behind astringency,
remains unexplored. Nanotribology is the field that studies fric-
tional energy dissipation at the nanoscale, where adhesion and
contact area can affect the tribological properties of a system
more significantly, as compared to a macroscale system. Friction
force microscopy (FFM), which is based on atomic force
microscopy (AFM), is one of the most versatile instruments being
used to study friction at the nanoscale.'® One of its advantages is
that bespoke colloidal probes can be utilized with tailored
mechanical and chemical properties similar to those found in
biological tissue. Consequently, FFM has provided some valuable

© 2023 The Author(s). Published by the Royal Society of Chemistry
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insight into the role of proteins in lubrication, with most of this
research focusing on the lubricating properties of synovial fluid
and its components.”*™* Protein lubrication is not only affected
by the type (hydrophobicity, structure, charge) and adsorption
properties of the protein, but it is also dependent on the
deformability of the surfaces that are used as tribopairs. For
instance, while the friction coefficient between bovine submax-
illary mucin (BSM)-coated poly(methyl methacrylate) (PMMA)
bodies is 0.7,' it is reduced to 0.3 on BSM-coated poly-
dimethylsiloxane (PDMS) surface as measured by a sharp silicon
nitride AFM tip, and it is increased when the AFM tip is hydro-
phobised due to increased adhesion."”

Our recent study used a combination of hard (borosilicate
glass) and soft (PDMS) colloidal probes to measure friction on
animal protein-coated PDMS surfaces with varying modulus.*®
It was demonstrated that the lubricating properties of these
proteins were affected both by the hydrophilicity and stiffness
of the colloidal probe, as well as the elastic modulus of the
underlying surface. It was concluded that on such protein-
coated surfaces, reduction of elastic modulus leads to reduced
friction, as a result of greater load distribution with a correlated
reduction in maximum pressure and lower protein ploughing
from the interface. A recent development in macroscale studies
is the systematic shift to design 3D printed bio-relevant surfaces
replicating the tongue surface, with a particular focus on bio-
logical papillae-like roughness and wettability." However, some
major drawbacks of macroscopic experiments, such as the
relatively high load conditions, and the low sensitivity to the
changes occurring on the lubricating film, obscure interpreta-
tion of the lubricating behaviour in terms of the adsorption and
desorption of the proteins on surfaces.

Nanotribology addresses this challenge by using extremely
low (~nN) normal forces along with controlled modulus soft
(~kPa) deformable colloidal probes and surfaces, giving access to
surface contact pressures orders of magnitude lower. It also
enables to access and focus on a regime such as the tongue
papillae (~um), to better understand its role on the overall fric-
tional dissipation of the oral cavity. Therefore, FFM on soft
surfaces enables tribological measurements into a realistic
physiological regime, equating to surface contact pressures of
<50 kPa at the lower end of the force range covered in this study
(specifically at <10 nN normal force), a range experienced in the
oral cavity, where tongue pressures of 40-80 kPa are typical in
healthy adults.>*?* Furthermore, this tribological study with plant
proteins gives an unprecedented understanding of the dynamics
when a plant protein moiety encounters a single papilla in
a tongue rather than the entire tongue. Understanding the fric-
tional behaviour of plant proteins and their interaction with
mucin-coated surfaces, a representative of many biological
surfaces, and in particular oral mucosa, will enable optimizing
plant proteins effectively to be used for biomaterial design
intended for the oral administration route.

Lubrication is often directly correlated to protein adsorp-
tion.® Quartz crystal microbalance with dissipation (QCM-D)
allows real-time monitoring of protein adsorption on a range
of surfaces, together with important information regarding the
viscoelastic properties of the adsorbed film.>* QCM-D has been

© 2023 The Author(s). Published by the Royal Society of Chemistry
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used in the past to understand the lubricating properties of
salivary components.*

Mucins are physiologically relevant proteins coating the
inner epithelium providing lubricity and protection against
wear. Mucins such as MUC1, MUC4, and MUC16 reduced the
friction coefficient (u) from ~0.20 to ~0.08, particularly in the
presence of a purified gel-forming secretory mucin, MUC2.>* In
another study, it was found that salivary mucin on its own is not
a good lubricant, but when combined with smaller proteins
such as lactoferrin, a synergistic effect is created leading to
superior lubricating properties.*” In another study, it was found
that while pea protein adsorbs at higher amounts than whey
protein, it had inferior lubrication performance.”® Similar
results were reported with a wider selection of plant proteins
such as pea, potato and lupine,* with inferior lubricity attrib-
uted to the jamming of the contact zone, which correlated with
the increased adsorbed mass.

Besides the type of surface used, two main factors that can
affect the adsorption of proteins, and thus lubrication, are pH
and ionic strength. An increase in ionic strength reduces the
Debye screening length and as a result, it decreases both elec-
trostatic repulsion between like-charged surfaces (increases
adsorption) as well as the electrostatic attraction between oppo-
sitely charged surfaces (decreases adsorption), as was shown in
a range of proteins and surfaces.”®**° Similarly, a change in pH
will affect the net charge of a protein molecule.** Interestingly, it
has been shown that adsorption on uncharged surfaces is slow
and non-specific which suggests the impact of pH and ionic
strength on protein adsorption is not often straightforward.*?

Therefore, in this study, we uniquely combined FFM, AFM
and QCM-D to understand the lubrication performance of plant
proteins at the nanoscale, and demonstrated how they are
affected by pH and ionic strength, using bio-relevant soft
surfaces. Lupine, pea, and potato proteins were used as model
plant proteins, which are composed mainly of conglutin, legu-
min, and patatin, respectively. However, they also contain
a range of other proteins, such as albumin, vicilin and con-
vicilin, as well as smaller molecules such as protease inhibitors
and enzymes. Although mucin alone cannot replicate the this
complex salivary pellicle completely,>>*® it can represent a wide
range of oral and other biological tissues. Novel findings reveal
that the frictional properties of proteins are affected by changes
in both pH and ionic strength, which are driven by factors such
as total adsorbed hydrated mass, protein affinity towards the
underlying substrate, degree of protein hydration, surface
roughness, as well as the presence of mucins. To our knowl-
edge, this is the first systematic investigation of the nano-
tribological behaviour of plant proteins in soft bio-relevant
contacts and may lead to innovative strategies for the rational
design of sustainable food and biomaterials.

2. Results and discussion

2.1.
films

Adsorption and viscoelastic properties of plant protein

In order to study the lubricating properties of plant proteins, it
is important to understand the physical properties of the films

Nanoscale Adv., 2023, 5, 102-1114 | 1103


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2na00696k

Open Access Article. Published on 26 2022. Downloaded on 19/8/2024 03:59:25.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Nanoscale Advances

they generate in real-time on bio-relevant surfaces, and how
they adsorb and desorb. Polydimethylsiloxane (PDMS) is
a conventional elastomer that is widely used to replicate the
surfaces found in the oral cavity due to its relatively low
modulus compared to steel and glass counterparts.® Still,
PDMS has a modulus of around 2 MPa, which is in the upper
range of those found in biological tissues (a few kPa to a few
MPa).** It is now experimentally evidenced by our group that
elastic modulus can significantly alter the lubricating properties
of protein-coated surfaces.' To this end, PDMS surfaces with
a biologically relevant modulus of 150 kPa were employed as
surfaces to test the lubrication and adsorption performance of
lupine (Lup), pea (Pea), and potato (Pot) proteins,'® using
contact pressures <50 kPa, in the physiological regime.**>*
Different food-relevant pH and ionic strength conditions that
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can occur orally were chosen i.e. pH 3.0 and 10 mM NacCl, pH 7.0
and 10 mM NaCl, and pH 7.0 and 50 mM NaCl, a minimal
sample set to test the effect of both pH and ionic strength as
electrostatic interactions are expected to play a pivotal role in
the formation and stability of charged protein films in the oral
cavity. These conditions will be referred to as 310, 710, and 750,
respectively. In addition to bare PDMS surfaces, mucin (BSM)-
coated PDMS surfaces were also used to serve as proxies for
salivary pellicles coating oral surfaces.

First, we report the trend of real-time adsorption behaviour
on bare PDMS sensors (see Fig. la-d for frequency shifts,
Fig. S1a-df for corresponding dissipation shifts) and discuss
the data fitted with the Voigt viscoelastic model (Fig. 2) followed
by any deviations observed on the BSM-coated PDMS sensors.*®
After injection of proteins (step P), an immediate large
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Fig.1 Mean frequency shift (5th overtone) of lupine (a), pea (b) and potato (c) protein films (n = 3) adsorbed on bare polydimethylsiloxane (PDMS)
coated sensors, acquired by quartz crystal microbalance with dissipation monitoring (QCM-D). At bare PDMS surfaces, measurements were
taken in presence of 1 mg mL~* protein dissolved at three different pH and ionic concentration combinations: 10 mM NaCl at pH 3.0 (Lup310,
Pea310, Pot310), 10 mM NaCl at pH 7.0 (Lup710, Pea710, Pot710), and 50 mM NaCl at pH 7.0 (Lup750, Pea750, Pot750). Mean frequency shift (5th
overtone) of lupine, pea and potato protein films (n = 3) adsorbed on BSM-coated surfaces (d) were performed in presence of 1 mg mL™* protein
dissolved in 10 mM NaCl at pH 7.0 (LupBSM710, PeaBSM710, PotBSM710). Steps B, P, and BSM refer to buffer rinsing, protein addition, and mucin
coating, respectively.
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Fig. 2 Adsorbed hydrated mass (a), adsorption kinetics (b), and viscoelastic properties —AD/Af (c) of lupine, pea, and potato protein films (n = 3,
mean + SD) adsorbed on polydimethylsiloxane (PDMS) coated sensors, acquired by quartz crystal microbalance with dissipation monitoring
(QCM-D). At bare PDMS surfaces measurements were taken in presence of 1 mg mL~! protein dissolved at three different pH and ionic
concentration combinations: 10 mM NaCl at pH 3.0 (Lup310, Pea310, Pot310), 10 mM NaCl at pH 7.0 (Lup710, Pea710, Pot710), and 50 mM NaCl
at pH 7.0 (Lup750, Pea750, Pot750). Measurements on BSM-coated surfaces were performed in presence of 1 mg mL~* protein dissolved in
10 mM NaCl at pH 7.0 (LupBSM710, PeaBSM710, PotBSM710). The purple bar shows BSM coating and green bar shows protein adsorption on
BSM-coated surfaces. Samples with the same letter do not differ significantly (p > 0.05) according to Tukey's test.

reduction in frequency indicates that proteins, irrespective of
their types, pH and ionic conditions, adsorbed on the bare
PDMS surfaces, reaching a critical coverage and stabilizing at
—20 to —48 Hz before they slightly desorb upon rinsing with
clean buffer (step B, Fig. 1a-d). The higher energy dissipation
values during the formation of protein films (0.8-2.3 ppm)
(Fig. S1a-d}) indicate that plant protein films are not rigid, but
rather viscoelastic.””

One common trend is that the presence of 50 mM NacCl
always increases the degree of adsorption indicated by a higher
frequency reduction (Fig. 1) and increased film viscosity
(Fig. S1%) irrespective of the protein type, highlighting that
charge screening substantially enables a close approach of the
plant proteins closer to the PDMS surface and the formation of
a thicker protein film. This response is statistically valid in the
case of Lup750 and Pot750 (Fig. 2a) where the total adsorbed
mass is higher than their counterparts at lower ionic strengths
(p <0.05). Interestingly, this corroborates fully with the adhesive

© 2023 The Author(s). Published by the Royal Society of Chemistry

forces between a PDMS probe and a PDMS surface in the
presence of plant proteins (Fig. S21), as calculated with force-
distance curves (Fig. S31) by performing force spectroscopy,
where the presence of 50 mM NaCl substantially increases
adhesion as compared to the lower salt concentration samples
at same pH (p < 0.05).

Of note, the affinity towards the surface, indicated by the
initial rate of protein adsorption (Fig. 2b) and time required to
reach stabilization, as well as the absolute magnitude of
frequency shift (Fig. 1) varies significantly depending on the
type of proteins and conditions, even if the viscoelasticity and
consequently protein hydration remains more or less constant
(Fig. 2¢).

For instance, Lup310 stabilizes in almost half the time as
required by Lup710/Lup750 (>60 min) (Fig. 1a) with the Lup310
forming a rather rigid film (dissipation shift ~1 ppm) (Fig.-
S1bi), despite the initial adsorption rate of Lup310 being three
to four time slower, highlighting the importance of pH to the

Nanoscale Adv., 2023, 5, 102-1114 | 1105
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adsorption rate and final film structure (Fig. 1a). It is note-
worthy that the isoelectric point (pI) of lupine is close to 4.0
(Table S1%),*” and hence Lup310 being in the vicinity of its pI
might lead to protein-protein aggregation hindering their
adsorption and consequent adhesion to PDMS surfaces. Not
surprisingly, the proteins tested showed significant differences
in their affinity (Fig. 2b) depending on the protein type (p < 0.05)
attributable to their hydrophobic residue composition and
amino acid sequences. However, a shift in pH from acidic to
neutral always increased the initial rate of adsorption of the
proteins to the bare PDMS surfaces (p < 0.05) (Fig. 2b), which
also increased adhesive forces between the two PDMS surfaces
except for Pot (Fig. S21).

One striking feature specific to Pea was that the extent of
desorption upon buffer rinsing was much higher for Pea710 and
Pea750 (>+8 Hz frequency shift) as compared to corresponding
Lup (Fig. 1a) and Pot (Fig. 1c) counterparts. Such desorption
behaviour was specific to pH 7.0, but not at pH 3.0 where Pea is
cationic, indicating that the Pea at pH 7.0 was rather loosely
bound to PDMS surface in the first place, as well as a weak
protein-protein interaction. Unlike Lup and Pot, Pea also did
not show such striking difference in either frequency shift
(Fig. 1b), energy dissipation (Fig. Sib}) or initial rate of
adsorption (Fig. 2b) as a function of ionic strength. Out of all the
proteins, Pot protein demonstrated rapid stabilization within
the first 10 min of injection (Fig. 1c) showing very similar
behaviour to Lup (Fig. 1a) in terms of ionic strength effects
reinforcing adsorption (Fig. 1b). Nevertheless, the change in pH
(Pot310 vs. Pot710) did not appear to affect the energy dissipa-
tion (Fig. Sic}), as previously shown in the case of Lup coun-
terparts (Fig. S1af). In summary, neutral pH and higher ionic
strength improve the affinity of plant proteins for bare PDMS,
but the absolute mass and adsorption rate are dependent on
protein type, whilst having little influence on the viscoelasticity
of the films formed.

Having discussed the adsorption behaviour on bare PDMS
surfaces, it appears that on surfaces pre-coated with BSM, the
difference between the protein types diminishes in both
adsorption (Fig. 1d) and dissipation (Fig. S1df). Adsorption of
BSM onto PDMS occurs rather slowly (Fig. 2b) as compared to
plant proteins, indicating lower affinity of BSM towards the
PDMS surface, while it forms a highly viscous/hydrated film
(Fig. 2c). This is expected owing to the large macromolecular
conformation of BSM that hinders its ability to reach the surface
quickly, and presence of several hydroxyl groups in the glycan
chains of BSM which increases protein hydration and energy
dissipation of BSM films (Fig. S1di). Adsorption of Lup710,
Pea710, and Pot710 on BSM occurs very slowly as opposed to
bare hydrophobic PDMS surfaces (Fig. 2b), indicating a small
affinity of the plant proteins towards BSM-coated surfaces. This
is further evidenced by a significant reduction of adhesive
forces of plant proteins in the presence of BSM (p < 0.05)
(Fig. s2%) arising from the BSM-protein repulsive forces, as
plant proteins and BSM are all negatively charged at pH 7.0.

To obtain more information about protein film coverage,
atomic force microscopy (AFM) was used to image pea, lupine,
and potato protein films on PDMS and BSM-coated PDMS films

1106 | Nanoscale Adv.,, 2023, 5, 102-1114
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at pH 7.0 and 10 mM NaCl. Topographic images of the protein
films are shown in Fig. S4.} Fig. S4a} shows the bare PDMS
surface, revealing a characteristic porous polymer network with
higher roughness (25 nm peak-to-peak (p-p), 1.2 nm RMS,
Table S21). Protein adsorption acts to progressively fill the pores
in the PDMS, reducing roughness (9-17 nm p-p, 0.8-1.0 nm
RMS). Adsorption of lupine protein (Lup710) on PDMS
(Fig. S4ci) results in the smallest reduction in roughness (17
nm), with some areas that appear well-coated, while other areas
remain minimally coated since the characteristic porous
network is still visible.

On the other hand, adsorption of pea protein (Pea710)
(Fig. S4e?) results in improved coverage as compared to Lup710
since the features of the PDMS substrate can be seen only in
a few areas, and has the lowest roughness (Table S2}) of the
plant proteins as the protein completely fills and smooths the
porous PDMS network. Although pea appears to have a superior
coverage as compared to lupine, QCM-D shows a similar
adsorbed mass, which is explained by aggregation of the lupine
and potato protein (Fig. S4c}) resulting in a similar mass but
patchier coverage. Potato protein (Pot710) (Fig. S4gf) has
similar coverage to Lup710 although less and/or smaller
aggregates are formed, and this is confirmed by a reduced
adsorbed mass (Fig. 2a).

Coating the PDMS surface with BSM (Fig. S4bf) results in
a more uniform and smoother protein film, coating the
underlying PDMS surface, which is in line with QCM-D data
(Fig. 1d). Adsorption of lupine protein (Fig. S4d}) and pea
protein (Fig. S4ff) on BSM-coated PDMS results in coverages
that are far superior as compared to adsorption of lupine and
pea on bare PDMS. Although the adsorption of potato protein
on BSM (Fig. S4hf) improves coverage as compared to the
adsorption of potato alone on PDMS, it was far less complete as
compared to those of lupine and pea on BSM. This is also
supported by the reduced surface roughness of plant proteins
adsorbed on BSM as compared to adsorption on PDMS (Table
S2}), while QCM-D also revealed a significantly increased
hydrated mass of the BSM + plant protein films (p < 0.05)
(Fig. 2a).

Lastly, it appears that lupine and pea proteins have higher
affinity with BSM, resulting in a compact protein film that coats
uniformly the PDMS surface, while the affinity of potato towards
BSM is rather smaller, which is also supported by QCM-D data
(Fig. 1b). Nevertheless, irrespective of plant protein type, the
presence of BSM allows the formation of a more compact and
continuous film on the underlying PDMS surface (Fig. S4d, f
and hj) as compared to a rather discontinuous film in its
absence. Such differences in surface coverage might have some
impact on the tribological performance of the proteins, which is
discussed in the following section.

2.2. Effect of pH and ionic strength on the lubricating
properties of plant proteins at the nanoscale

Following the characterisation of plant protein films, friction
force microscopy was used to study the friction between a PDMS
colloidal probe (Fig. S5i) and soft PDMS surfaces in the

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Evolution of friction force versus load (n = 3, mean + SD) (a) and effective friction coefficient versus load (b) of a polydimethylsiloxane
(PDMS) colloidal probe (E = 2 MPa) sliding over bare and BSM-coated PDMS substrates (E = 150 kPa), acquired by friction force microscopy. At
bare PDMS surfaces, measurements were performed in presence of 1 mg mL™! lupine protein dissolved at three different pH and ionic
concentration combinations: 10 mM NaCl at pH 3.0 (Lup310), 10 mM NaCl at pH 7.0 (Lup710), and 50 mM NaCl at pH 7.0 (Lup750).
Measurements on BSM-coated surfaces (1 mg mL~* BSM, BSM710) were performed in presence of 1 mg mL™* lupine protein dissolved in 10 mM

NaCl at pH 7.0 (LupBSM710).

presence of plant proteins. In all the following discussion, BSM
is shown as a control (Fig. 3, 5 and 6). BSM exhibits strikingly
high friction, the friction increases exponentially with normal
load, experiencing a high degree of dehydration and/or protein
removal, while the friction coefficient is approximately 0.2 at 5
nN load and increases up to 2.2 at 80 nN load. The poor lubri-
cating properties of BSM are a result of its very low affinity
towards the PDMS surface, as shown in Fig. 2b. Consequently,
although it forms a highly viscous film (Fig. 2c), the protein film
is easily removed from the surface, which increases friction with
increasing load. Generally, the more hydrated a protein film the
lower the friction due to improved lubrication, provided the
film remains at the surface during exposure to tribo-stress.
However, if the macromolecule is not strongly adsorbed on
the surface, then it can be easily removed upon sliding. It is
worth noting that all plant proteins on their own had lower
friction coefficients than BSM, particularly at higher loads
(Fig. 3, 5 and 6).

Moving onto the frictional dissipation of individual plant
proteins, friction increases as a function of normal load (Fig. 3a)
in the presence of lupine, with pH and ionic strength not having
a major impact on friction force for the range studied here. For
a multi-asperity nanoscale contact with negligible adhesion, it
would be expected that friction force would increase linearly
with the load. However, it can be observed that friction force
increased exponentially with the load. This is a behaviour that
has been observed recently, and it is caused by the removal and
dehydration of the adsorbed protein film.*® In order to calculate
and plot an effective friction coefficient (u.s) from the slope
(Fig. 3b), the data were fitted using an allometric equation (y =
a + b*x°, a = 0), and the gradient was then calculated at each
friction-load point. Factor « was set to zero to ensure a good fit
since adhesion on these systems is very low (Fig. S21) and, thus,
friction at zero load is approximately zero (as shown to be the
case in Fig. 3, 5 and 6).

© 2023 The Author(s). Published by the Royal Society of Chemistry

Lup310 and Lup710 exhibit similar u.s at low loads, at
approximately 0.15. However, at high loads, ps is lower for
Lup710 (0.30) as compared to 0.37 for Lup310, the latter
exhibiting the highest increase in u.s (Fig. 3b), which might be
associated with load-induced higher dehydration and/or
protein removal in case of Lup310. Lupine has net negative
charge at pH 7.0 and a net positive charge at pH 3.0.*® Since
PDMS is a hydrophobic surface (non-polar), electrostatic inter-
actions are not expected to play a role in the adsorption of
proteins. However, the lower affinity of lupine molecules
towards the PDMS surface at pH 3.0 compared to pH 7.0 due to
minor changes in the molecular structure of lupine, as evi-
denced by QCM-D dissipation (Fig. 2a) data, and by adhesion
data (Fig. S2}), most likely leads to increased protein removal
and consequently higher friction coefficient, especially at high
loads (Fig. 3b).

Considering that the usual increase in u.¢ between low and
high loads is often explained by dehydration and/or protein film
removal,"® such phenomenon does not seem to hold true for
Lup750, revealing an almost constant ug at approximately 0.26
independent of load. This indicates that Lup750 shows the
highest resistance to dehydration and/or protein removal with
load independency for the range studied here, followed by
Lup710 and lastly by Lup310. It is well established that
increased salt concentration leads to improved protein hydra-
tion; a larger number of ions are bound on charged regions of
the protein that in turn increases the number of water mole-
cules bound on them.** Consequently, the increased ionic
concentration improves the hydration of lupine molecules,
which combined with an increased protein-protein interaction
reduces the dehydration and protein removal at higher loads.
This is supported by QCM-D data (Fig. 1c) where Lup750 forms
a more hydrated film as compared to Lup710. Although Lup750
exhibits superior lubrication performance at high loads,
resisting dehydration and possibly removal, at low loads,
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Lup750 exhibits relatively poor lubricating properties (Fig. 3b).
This is counterintuitive since Lup750 reveals a faster rate of
adsorption and hydration as compared to Lup710 (Fig. 2b). AFM
measurement of adhesion between the protein-coated colloidal
PDMS probe and PDMS surface reveal significantly stronger
probe-surface interaction for Lup750, which is 3 times stronger
than Lup710, latter in turn is three times stronger than Lup310
(Fig. S21). Therefore, it is likely that this stronger adhesion
which sets a minimum normal force is the key reason behind
high friction in Lup750 at low load, and hence u.g is invariant
with load in the force range studied. It is also possible that
Lup750 creates a rather aggregated protein layer due to salt-
induced aggregation, which induces roughness that affects
friction. As the load increases and the protein asperities are
squeezed out, it is the protein hydration and affinity that
determine lubrication (Fig. 3b).

Lupine on BSM-coated surfaces exhibits the lowest friction
coefficient, both in low (ueg is 0.07 at 5 nN) and high loads (ues
is 0.14 at 80 nN). As discussed previously, the lubricating
properties of BSM on its own are very poor, as a result of its very
low affinity towards the PDMS surface (Fig. 2b). However, when
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Fig. 4 Schematic illustration protein adsorption, exhibiting the
synergy between BSM and plant proteins. Initially, BSM molecules
(depicted with purple colour) are adsorbed onto the PDMS surface (a).
When plant proteins (depicted with green colour) are added into the
system, they initially adsorb on top of the BSM molecules (b). However,
over time, plant molecules tend to competitively displace BSM
molecules on the PDMS surface, resulting in higher affinity of the
combined mixed film (c).
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BSM is combined with lupine, it forms a protein film with
superior lubricating performance as compared to the lubri-
cating performance of its constituents. BSM has an isoelectric
point at pH 3.0 and, thus, an overall negative net charge at pH
7.0 (Table S1%).** Although both lupine and BSM have overall
negative charges at pH 7.0, local patches on the surface of the
lupine and BSM can bind the two molecules, as seen in other
protein studies,* creating a mixed protein film that coats
uniformly the PDMS surface as was qualitatively observed in
topographic images in Fig. S4di. Eventually, having a higher
affinity towards the PDMS surface and being smaller in size,
lupine molecules will competitively displace a large proportion
of the BSM molecules as a result of the Vroman effect as shown
schematically in Fig. 4a—c in a step-wise manner. The resulting
BSM-lupine film combining the increased affinity of lupine with
the superior hydration of BSM creates a protein film that is
a better lubricant than both in isolation.

The lubricating properties of pea protein are shown in Fig. 5.
Unlike Lup, Pea750 i.e. the one containing higher salt concen-
tration shows the highest friction, followed by Pea710, and then
Pea310 with PeaBSM710 showing similar lubricating properties
to that of Pea310 (Fig. 5a).

Although QCM-D revealed similar degrees of affinity and
hydration between Pea710 and Pea750 (Fig. 2b), adhesion data
(Fig. S2}) confirms a higher interaction between Pea750 and
surfaces as compared to those in Pea710, which might have
resulted in higher friction, especially at low loads. Comparison
between Pea310 and Pea710 shows that similar to lupine, at low
loads, the two protein films had similar lubricating properties.
However, in contrast with lupine protein, the reduction in the
pH resulted in a lower friction coefficient at high loads due to
lower dehydration and/or protein removal. Pea protein has an
isoelectric point at pH 4.0 (Table S11), thus, it has a positive net
charge at pH 3.0 and a negative net charge at pH 7.0.** Since
Pea310 has a smaller affinity towards the PDMS surface, as
confirmed by adhesion (Fig. S21) and kinetics (Fig. 2b), it can be
deduced that the reduction in the u.s is not caused by reduced
protein removal. In fact, the reduction in p.s at high loads is
mainly driven by increased protein hydration as confirmed in
Fig. 2c. It is likely that increased protein-protein affinity of pea
molecules at pH 3.0, by having a lower net charge on their
surface since they are closer to their pI point, leads to the
formation of larger protein aggregates and thicker film with
increased hydration capacity and, in turn, lowers friction. Pea
on BSM (PeaBSM710) exhibits only slightly lower pu.s as
compared to Pea710 (Fig. 5b) unlike the difference that is
apparent in LupBSM750 (Fig. 3b).

Fig. 6 shows the lubricating properties of potato protein.
Similar to pea and lupine proteins, the friction versus normal
load curves increases exponentially (Fig. 6a). Similar to pea
(Fig. 5b), Pot710 and Pot750 show that the increase of ionic
strength has a major impact on the lubricating properties of
potato protein, exhibiting increased u.g both at low and high
load at higher ionic strength (Fig. 6b), unlike lupine (Fig. 4b).
The increased pueg at low load is partially due to the increased
importance of surface adhesion (Fig. S21). Pot750 exhibits high
uegr €ven at high loads. It is possible that the increased ionic

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Evolution of friction force versus load (n = 3, mean + SD) (a) and effective friction coefficient versus load (b) of a polydimethylsiloxane
(PDMS) colloidal probe (E = 2 MPa) sliding over bare and BSM-coated PDMS substrates (E = 150 kPa), acquired by friction force microscopy. At
bare PDMS surfaces measurements were performed in presence of 1 mg mL~! Pea protein dissolved at three different pH and ionic concen-
tration combinations: 10 mM NaCl at pH 3.0 (Pea310), 10 mM NaCl at pH 7.0 (Pea710), and 50 mM NaCl at pH 7.0 (Pea750). Measurements on
BSM-coated surfaces (1 mg mL~t BSM, BSM710) were performed in presence of 1 mg mL~* pea protein dissolved in 10 mM NaCl at pH 7.0

(PeaBSM710).

strength leads to the formation of larger aggregates that could
act as particulates, jamming the contact and increasing the
friction coefficient as has been shown in macroscale studies.>**®

Lastly, although PotBSM710 has the lowest friction at low
loads, it is not resistant to dehydration and/or protein removal,
which results in increased friction at higher loads as compared
to Pot710. This is in contrast with the lupine and pea s