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our of plant proteins in soft
contacts: unveiling nanoscale mechanisms†‡

Evangelos Liamas, §a Simon D. Connellb and Anwesha Sarkar *a

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.
1. Introduction

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 shi
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 so matter sectors.
Oen plant proteins are associated with astringency and
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dryness, an unpleasant sensation during oral processing. This
causes poor outcomes when used in food, oral care applications
and oral medicines, particularly hindering large scale accep-
tance for the transition from animal proteins. Such astringency
has been oen attributed to the lubrication failure of salivary
proteins, though the exact mechanism remains elusive.1–3

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 correlatedwith
astringency perception.4–8 While there has been an increasing
research effort into understanding these phenomena, they have
exclusively taken place at the macroscale.9 The tribological
behaviour of plant proteins at the nanoscale, which can shed
light on the fundamental mechanism behind astringency,
remains unexplored. Nanotribology is the eld that studies fric-
tional energy dissipation at the nanoscale, where adhesion and
contact area can affect the tribological properties of a system
more signicantly, 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.10 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 uid
and its components.11–15 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 0.7,16 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.17

Our recent study used a combination of hard (borosilicate
glass) and so (PDMS) colloidal probes to measure friction on
animal protein-coated PDMS surfaces with varying modulus.18

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 shi to design 3D printed bio-relevant surfaces
replicating the tongue surface, with a particular focus on bio-
logical papillae-like roughness and wettability.19 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 lm, 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 so
(∼kPa) deformable colloidal probes and surfaces, giving access to
surface contact pressures orders of magnitude lower.10 It also
enables to access and focus on a regime such as the tongue
papillae (∼mm), to better understand its role on the overall fric-
tional dissipation of the oral cavity. Therefore, FFM on so
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
(specically at <10 nN normal force), a range experienced in the
oral cavity, where tongue pressures of 40–80 kPa are typical in
healthy adults.20–22 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 oen directly correlated to protein adsorp-
tion.8 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 lm.23 QCM-D has been
© 2023 The Author(s). Published by the Royal Society of Chemistry
used in the past to understand the lubricating properties of
salivary components.23

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 (m) from ∼0.20 to ∼0.08, particularly in the
presence of a puried gel-forming secretory mucin, MUC2.24 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.25 In another study, it was found
that while pea protein adsorbs at higher amounts than whey
protein, it had inferior lubrication performance.26 Similar
results were reported with a wider selection of plant proteins
such as pea, potato and lupine,27 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.28–30 Similarly, a change in pH
will affect the net charge of a protein molecule.31 Interestingly, it
has been shown that adsorption on uncharged surfaces is slow
and non-specic which suggests the impact of pH and ionic
strength on protein adsorption is not oen straightforward.32

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 so
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,25,33 it can represent a wide
range of oral and other biological tissues. Novel ndings 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 rst systematic investigation of the nano-
tribological behaviour of plant proteins in so bio-relevant
contacts and may lead to innovative strategies for the rational
design of sustainable food and biomaterials.

2. Results and discussion
2.1. Adsorption and viscoelastic properties of plant protein
lms

In order to study the lubricating properties of plant proteins, it
is important to understand the physical properties of the lms
Nanoscale Adv., 2023, 5, 1102–1114 | 1103
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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.34 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).35 It is now experimentally evidenced by our group that
elastic modulus can signicantly alter the lubricating properties
of protein-coated surfaces.18 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,18 using
contact pressures <50 kPa, in the physiological regime.20–22

Different food-relevant pH and ionic strength conditions that
Fig. 1 Mean frequency shift (5th overtone) of lupine (a), pea (b) and potato
coated sensors, acquired by quartz crystal microbalance with dissipatio
taken in presence of 1 mg mL−1 protein dissolved at three different pH a
Pea310, Pot310), 10mMNaCl at pH 7.0 (Lup710, Pea710, Pot710), and 50
overtone) of lupine, pea and potato protein films (n= 3) adsorbed on BSM
dissolved in 10 mMNaCl at pH 7.0 (LupBSM710, PeaBSM710, PotBSM710)
coating, respectively.

1104 | Nanoscale Adv., 2023, 5, 1102–1114
can occur orally were chosen i.e. pH 3.0 and 10mMNaCl, 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 lms 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. 1a–d for frequency shis,
Fig. S1a–d‡ for corresponding dissipation shis) and discuss
the data tted with the Voigt viscoelastic model (Fig. 2) followed
by any deviations observed on the BSM-coated PDMS sensors.36

Aer injection of proteins (step P), an immediate large
(c) protein films (n= 3) adsorbed on bare polydimethylsiloxane (PDMS)
n monitoring (QCM-D). At bare PDMS surfaces, measurements were
nd ionic concentration combinations: 10 mM NaCl at pH 3.0 (Lup310,
mMNaCl at pH 7.0 (Lup750, Pea750, Pot750). Mean frequency shift (5th
-coated surfaces (d) were performed in presence of 1 mgmL−1 protein
. Steps B, P, and BSM refer to buffer rinsing, protein addition, andmucin

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Adsorbed hydrated mass (a), adsorption kinetics (b), and viscoelastic properties −DD/Df (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−1 protein dissolved at three different pH and ionic
concentration combinations: 10 mMNaCl at pH 3.0 (Lup310, Pea310, Pot310), 10 mMNaCl at pH 7.0 (Lup710, Pea710, Pot710), and 50 mMNaCl
at pH 7.0 (Lup750, Pea750, Pot750). Measurements on BSM-coated surfaces were performed in presence of 1 mg mL−1 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.
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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 lms (0.8–2.3 ppm)
(Fig. S1a–d‡) indicate that plant protein lms are not rigid, but
rather viscoelastic.27

One common trend is that the presence of 50 mM NaCl
always increases the degree of adsorption indicated by a higher
frequency reduction (Fig. 1) and increased lm 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 lm. 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. S2‡), as calculated with force–
distance curves (Fig. S3‡) 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 shi (Fig. 1) varies signicantly depending on the
type of proteins and conditions, even if the viscoelasticity and
consequently protein hydration remains more or less constant
(Fig. 2c).

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 lm (dissipation shi ∼1 ppm) (Fig.-
S1b‡), despite the initial adsorption rate of Lup310 being three
to four time slower, highlighting the importance of pH to the
Nanoscale Adv., 2023, 5, 1102–1114 | 1105

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


Nanoscale Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

6 
D

ec
em

be
r 

20
22

. D
ow

nl
oa

de
d 

on
 1

1/
10

/2
02

5 
9:

48
:4

1 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online
adsorption rate and nal lm structure (Fig. 1a). It is note-
worthy that the isoelectric point (pI) of lupine is close to 4.0
(Table S1‡),37 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 signicant 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 shi 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. S2‡).

One striking feature specic to Pea was that the extent of
desorption upon buffer rinsing wasmuch higher for Pea710 and
Pea750 (>+8 Hz frequency shi) as compared to corresponding
Lup (Fig. 1a) and Pot (Fig. 1c) counterparts. Such desorption
behaviour was specic 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 rst place, as well as a weak
protein–protein interaction. Unlike Lup and Pot, Pea also did
not show such striking difference in either frequency shi
(Fig. 1b), energy dissipation (Fig. S1b‡) 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 rst 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. S1c‡), as previously shown in the case of Lup coun-
terparts (Fig. S1a‡). 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 inuence on the viscoelasticity
of the lms 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. S1d‡). 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 lm
(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 lms (Fig. S1d‡). 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 signicant 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 lm coverage,
atomic force microscopy (AFM) was used to image pea, lupine,
and potato protein lms on PDMS and BSM-coated PDMS lms
1106 | Nanoscale Adv., 2023, 5, 1102–1114
at pH 7.0 and 10 mM NaCl. Topographic images of the protein
lms 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 S2‡). Protein adsorption acts to progressively ll 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. S4c‡) 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 lls 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. S4g‡) has
similar coverage to Lup710 although less and/or smaller
aggregates are formed, and this is conrmed by a reduced
adsorbed mass (Fig. 2a).

Coating the PDMS surface with BSM (Fig. S4b‡) results in
a more uniform and smoother protein lm, 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. S4f‡) 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. S4h‡) 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 signicantly increased
hydrated mass of the BSM + plant protein lms (p < 0.05)
(Fig. 2a).

Lastly, it appears that lupine and pea proteins have higher
affinity with BSM, resulting in a compact protein lm 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 lm on the underlying PDMS surface (Fig. S4d, f
and h‡) as compared to a rather discontinuous lm 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 lms, friction
force microscopy was used to study the friction between a PDMS
colloidal probe (Fig. S5‡) and so 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−1 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−1 BSM, BSM710) were performed in presence of 1 mg mL−1 lupine protein dissolved in 10 mM
NaCl at pH 7.0 (LupBSM710).
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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 lm (Fig. 2c), the protein lm
is easily removed from the surface, which increases friction with
increasing load. Generally, the more hydrated a protein lm the
lower the friction due to improved lubrication, provided the
lm 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 lm.18 In order to calculate
and plot an effective friction coefficient (meff) from the slope
(Fig. 3b), the data were tted using an allometric equation (y =
a + b*xc, a = 0), and the gradient was then calculated at each
friction-load point. Factor a was set to zero to ensure a good t
since adhesion on these systems is very low (Fig. S2‡) 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 meff at low loads, at
approximately 0.15. However, at high loads, meff is lower for
Lup710 (0.30) as compared to 0.37 for Lup310, the latter
exhibiting the highest increase in meff (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 3.0.38 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 meff between low and
high loads is oen explained by dehydration and/or protein lm
removal,18 such phenomenon does not seem to hold true for
Lup750, revealing an almost constant meff 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.39–42 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 lm as compared to Lup710. Although Lup750
exhibits superior lubrication performance at high loads,
resisting dehydration and possibly removal, at low loads,
Nanoscale Adv., 2023, 5, 1102–1114 | 1107
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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 signicantly stronger
probe-surface interaction for Lup750, which is 3 times stronger
than Lup710, latter in turn is three times stronger than Lup310
(Fig. S2‡). 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 meff 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 (meff is 0.07 at 5 nN) and high loads (meff
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
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 BSMmolecules (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).

1108 | Nanoscale Adv., 2023, 5, 1102–1114
BSM is combined with lupine, it forms a protein lm 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‡).43 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,44 creating a mixed protein lm that coats
uniformly the PDMS surface as was qualitatively observed in
topographic images in Fig. S4d‡. 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 lm combining the increased affinity of lupine with
the superior hydration of BSM creates a protein lm 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‡) conrms 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 lms 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 S1‡), thus, it has a positive net
charge at pH 3.0 and a negative net charge at pH 7.0.45 Since
Pea310 has a smaller affinity towards the PDMS surface, as
conrmed by adhesion (Fig. S2‡) and kinetics (Fig. 2b), it can be
deduced that the reduction in the meff is not caused by reduced
protein removal. In fact, the reduction in meff at high loads is
mainly driven by increased protein hydration as conrmed 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 lm with
increased hydration capacity and, in turn, lowers friction. Pea
on BSM (PeaBSM710) exhibits only slightly lower meff 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 meff both at low and high
load at higher ionic strength (Fig. 6b), unlike lupine (Fig. 4b).
The increased meff at low load is partially due to the increased
importance of surface adhesion (Fig. S2‡). Pot750 exhibits high
meff even 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−1 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−1 BSM, BSM710) were performed in presence of 1 mg mL−1 pea protein dissolved in 10 mM NaCl at pH 7.0
(PeaBSM710).
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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 inmacroscale studies.26,46

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 systems,
where the underlying BSM lm not only reduced friction under
all conditions but also had a positive impact on the resistance of
protein lm to dehydration and/or protein removal. Although
all three plant proteins have a similar affinity with BSM
(Fig. 2b), comparing the rate of adsorption, Pot has a signi-
cantly lower affinity towards the PDMS surface as compared to
Fig. 6 Evolution of friction force versus load (n = 3, mean ± SD) (a) and
(PDMS) colloidal probe (E = 2 MPa) sliding over bare and BSM-coated PD
bare PDMS surfaces measurements were performed in presence of 1
concentration combinations: 10mMNaCl at pH 3.0 (Pot310), 10mMNaC
on BSM-coated surfaces (1 mg mL−1 BSM, BSM710) were performed in pr
(PotBSM710).

© 2023 The Author(s). Published by the Royal Society of Chemistry
Lup and Pea. Not only is it more difficult for potato protein
molecules to replace BSMs, and thereby take longer time (Vro-
man effect, see Fig. 4a–c), the resulting lm will also have
a lower affinity towards the PDMS surface. Consequently, the
resulting Pot/BSM lm will be removed more easily from the
PDMS surface, as compared to the Lup/BSM and Pea/BSM
systems, especially at high loads. Additionally, potato protein
appears to have impaired coverage on BSM-coated surfaces as
compared to lupine and pea in the AFM topographic images
(Fig. S4h‡), which might suggest that the interaction between
potato protein and BSMwas not promoting a compact lm as in
case of the other two proteins, allowing potato protein to be
ploughed off at higher loads.
effective friction coefficient versus load (b) of a polydimethylsiloxane
MS substrates (E = 150 kPa), acquired by friction force microscopy. At
mg mL−1 potato protein dissolved at three different pH and ionic

l at pH 7.0 (Pot710), and 50mMNaCl at pH 7.0 (Pot750). Measurements
esence of 1 mgmL−1 potato protein dissolved in 10 mM NaCl at pH 7.0
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2.3. Comparison of the lubricating properties of plant
proteins at the nanoscale

Fig. 7 summarizes the differences in friction coefficient between
lupine, pea, and potato proteins at low and high normal loads.
The results demonstrate that at low loads at pH 7.0 and 10 mM
NaCl, pea protein exhibits the lowest meff, followed by potato
and then lupine protein. The superior lubricating performance
of pea protein was driven by its increased affinity towards the
PDMS surface (Fig. 2b), as compared to the others. Since PDMS
is a hydrophobic surface, increased affinity with pea protein is
due to an increased presence of hydrophobic regions on the
surface of pea protein, which corroborates with previous nd-
ings.27 Lupine revealed similar levels of adsorbed mass (Fig. 2a)
and viscoelastic properties with pea protein (Fig. 2c) but
decreased affinity as was shown by the rate of adsorption
(Fig. 2b). Consequently, lupine had inferior lubrication prop-
erties as compared to pea, highlighting the importance of
affinity on the lubricating properties of proteins.

Potato has similar viscoelastic properties to lupine but
exhibits lower affinity towards the PDMS surface which was also
seen in the topographic image (Fig. S4g‡) and lower adsorbed
hydrated mass (Fig. 2a). Despite this, potato has better lubri-
cating properties than lupine at low loads, which could be
attributed to the lower adhesive interactions (Fig. S2‡) which
have increased importance at lower loads. These results of
lubrication performance at the nanoscale in the order of pea
protein > potato > lupine particularly at low loads in fact
resembled the trend observed at the macroscale previously,27

particularly when these proteins were present at low concen-
trations. However, the differences between their frictional
Fig. 7 Effective friction coefficient at 5 nN low (a) and 80 nN high (b) loa
over bare and BSM-coated PDMS substrates (E = 150 kPa), in presence
microscopy. At bare PDMS surfaces measurements were taken in pres
concentration combinations: 10 mMNaCl at pH 3.0 (Lup310, Pea310, Pot
at pH 7.0 (Lup750, Pea750, Pot750). Measurements on BSM-coated sur
10 mM NaCl at pH 7.0 (LupBSM710, PeaBSM710, PotBSM710).

1110 | Nanoscale Adv., 2023, 5, 1102–1114
response were much more prominent at the nanoscale as
compared to the macroscale and, interestingly, such nanoscale
behaviour might emulate the real physiological context better
owing to similar low contact pressures and reduction in protein
removal.

Interestingly, when BSMwas combined with lupine, pea, and
potato, friction was reduced signicantly in all cases. More
specically, pea and potato proteins on BSM exhibited superior
lubrication properties, followed by lupine protein. BSM acted
synergistically with plant proteins forming a compact lm
(Fig. S4d, f, h‡), carrying the attributes of both components,
creating a lm that had superior lubricating properties as
compared to BSM or plant proteins alone. Furthermore, as was
shown in the past, the small molecular weight proteins could
act as molecular glue with BSM, aiding towards the formation of
a more compact layer, which in turn enhances the lubricating
properties of the BSM-plant protein lm.25

At high loads at pH 7.0 and 10 mM NaCl, all systems exhibit
higher meff due to dehydration and/or protein removal. Lupine
protein exhibits the highest meff, due to its low surface coverage
and low affinity towards the PDMS surface. Pea exhibits a lower
friction coefficient than lupine, due to increased affinity and
surface coverage. Interestingly, although potato protein exhibits
the lowest affinity and similar levels of hydration as compared
to lupine and pea, it exhibits similar meff with pea. However, it
appears that the affinity measured from the initial rate of
adsorption can be misleading when comparing proteins with
different sizes of aggregates and degrees of polydispersity (Table
S1‡). Therefore, in the case of potato protein, the lower meff

could be explained by the adsorption of smaller molecules
ds of a polydimethylsiloxane (PDMS) colloidal probe (E = 2 Mpa) sliding
of lupine, pea, and potato protein solutions, acquired by friction force
ence of 1 mg mL−1 protein dissolved at three different pH and ionic
310), 10 mMNaCl at pH 7.0 (Lup710, Pea710, Pot710), and 50 mMNaCl
faces were performed in presence of 1 mg mL−1 protein dissolved in

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 Schematic representation of the factors affecting lubrication at nanoscale.
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present in potato specically, that have high affinity and are
able to remain on the PDMS surface during sliding and, thus,
aid lubrication. BSM improves lubrication in lupine and pea by
combining the increased affinity of plant proteins with the
superior hydration of BSM to form a protein layer with superior
lubricating properties. However, meff is increased when BSM is
combined with potato. As explained earlier, this could be
caused by the lower affinity of potato towards PDMS as well as
unfavourable interactions between the two proteins.
3. Conclusion

In this study, we investigated the effect of three common types
of plant proteins on friction under varying loads, revealing
a complex yet explicable interplay between (a) adhesion between
sliding bodies in the presence of protein, (b) protein affinity
towards the surface which affects resistance to removal by wear,
and (c) degree of hydration affecting overall frictional proper-
ties, which in turn are modied by pH and ionic strength
(schematic is shown in Fig. 8). The combination of FFMwith the
so contact surfaces employed in this study (E ∼150 kPa), has
brought the tribological measurements for the rst time to
biologically realistic contact pressures (<50 kPa) particularly in
the lower load conditions (at <10 nN normal force), unachieved
by any macroscopic experiments to date.

We reveal that at rst, protein affinity towards a given
substrate is essential to ensure good lubricating properties of
proteins. Having achieved sufficient adsorption, the degree of
hydration of the adsorbed lm becomes crucial since it reduces
friction. Besides these two factors, surface interactions between
the two protein-coated surfaces chiey govern the lubricating
performance of plant proteins at low loads since the adhesive
forces between bodies are comparable to the observed friction
© 2023 The Author(s). Published by the Royal Society of Chemistry
force. It is also possible that at low loads surface roughness is
another factor affecting friction, with increased roughness
caused by the plant protein aggregates having increased fric-
tion, however, further investigation is needed to investigate
roughness effects.

Although proteins with high affinity can have good lubri-
cating properties even if the lm is poorly hydrated, the oppo-
site is not true; a highly hydrated lm may not have superior
lubricating properties unless the affinity towards the surface is
not sufficient to maintain the lm on the surface upon sliding.
This was highlighted in the case of BSMwhere a highly hydrated
lm with poor affinity had very poor lubricating properties.
However, upon combining BSM with plant proteins, which is
much more representative of physiological conditions where
the inner epithelium is coated with a mucosal layer, the
resulting plant protein-BSM lm has superior lubricating
properties since it combines the high affinity of the plant
proteins with the high hydration of BSM. However, at higher
loads, many, if not most, plant proteins experienced a higher
friction coefficient due to dehydration and protein removal
caused by sliding. Generally, an increase in ionic strength
increases hydration since protein can hold more water mole-
cules due to an increased number of ions, while it also increases
affinity towards the surface. As a result, the protein lm
becomes more resistant to dehydration and hinders protein
removal caused by sliding. However, it could also lead to the
formation of larger aggregates, which are jamming the contact
thereby increasing friction coefficient.

In particular, among the tested proteins, pea protein seems
to stand out in its lubrication performance as compared to
lupine and potato, driven by an increased affinity towards the
hydrophobic PDMS surface and a more hydrated protein lm
that aids lubrication. Although the trend is similar to what has
Nanoscale Adv., 2023, 5, 1102–1114 | 1111
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been observed previously in macroscopic frictional response
particularly at low protein concentrations as used in the current
study, the differences in frictional behaviour of plant protein
types are far more signicant at the nanoscale owing to single
papillae-level resolution and clear molecular mechanism
behind such behaviour is laid out for the rst time. The current
work offers novel insights into the nanotribological perfor-
mance of plant proteins pinpointing the role of adhesion,
affinity and protein hydration as well as load dependency, that
can be tuned either by plant protein type or subtle manipulation
of environmental factors (pH, ionic strength) and holds great
potential for future development of sustainable food and
biomaterials where optimum lubrication is a key necessity.
4. Experimental section
4.1. Materials

Polydimethylsiloxane (PDMS) (Sylgard®184 and Sylgard®527)
was purchased from Farnell, UK. HEPES (4-(2hydroxyethyl)-1-
piperazineethanesulfonic acid), sodium dodecyl sulphate
(SDS), ammonia (NH3) solution (25%), sodium chloride (NaCl),
Hellmanex™ III cleaning solution, ethanol absolute, iso-
propanol, and toluene were purchased from Fisher Scientic,
UK. Araldite 2-part epoxy adhesive was purchased from RS
Components Ltd, UK. Sulphuric acid (H2SO4) was purchased
from VWR International Ltd, UK. Hydrogen peroxide (H2O2)
solution (30% wt%) was purchased from Sigma-Aldrich
Company Ltd, UK. Silicon wafers were purchased from Agar
Scientic Ltd, UK. Silicon-coated quartz crystal microbalance
with dissipation monitoring (QCM-D) sensors (QSX-303, 5 MHz)
were purchased from Biolin Scientic, UK. Atomic force
microscopy (AFM) cantilevers (HQ:CSC37/tipless/Cr–Au) were
purchased from Windsor Scientic Ltd, UK. Pea protein
concentrate (Nutralys S85 XF) containing 85% protein was
kindly gied by Roquette (Lestrem, France). Potato protein
isolate was purchased from Guzman Gastronomı́a (Barcelona,
Spain) containing 91% protein. Lupine protein isolate con-
taining 91% protein was purchased from Prolupin GmbH
(Grimmen, Germany). Milli-Q water (resistivity of 18 MU cm by
Milli-Q apparatus, Millipore Corp., USA) was used for the
preparation of buffer. Protein solutions (1 mg mL−1) were
prepared in 10 mM HEPES buffer in presence of 10 or 50 mM
NaCl, adjusted to pH 3.0 or 7.0. The aforementioned protein
were a mixture of several proteins and thus were highly poly-
disperse in nature showing various degree of aggregation with
mean hydrodynamic diameters (dH) ranging from 25 nm to
244 nm.27 The proteins were negatively charged at neutral pH
(see Table S1‡ for the physicochemical characteristics).
4.2. PDMS substrate preparation

Thin and ultrathin lms of PDMS were prepared on silicon
wafers and silicon-coated QCM-D crystals, respectively. For the
preparation of PDMS-coated silicon substrates, Sylgard®184
(10 : 1 w/w base to curing agent) and Sylgard®527 (1 : 1 w/w Part
A to Part B) were mixed using a planetary mixer (Thinky ARE-
250, Intertronics, UK) for 60 s at 2000 rpm, followed by
1112 | Nanoscale Adv., 2023, 5, 1102–1114
degassing for 90 s at 2200 rpm. Subsequently, the above prod-
ucts were mixed (Sylgard®184 : Sylgard®527) in 9 : 91 (9%) ratio,
using the planetary mixer for 60 s at 2000 rpm followed by
degassing for 90 s at 2200 rpm, to create PDMS substrates with
elastic modulus of 150 kPa based on a previously described
method.18 A droplet of 100 mL of the above elastomer was placed
on a static silicon substrate and was rotated for 30 s at 4000 rpm
with an acceleration of 2000 rpm s−1, using a spin-coater
(Laurell technologies corporation, USA), to prepare lm with
a thickness of approximately 20 mm.47 Subsequently, the PDMS-
coated substrate was placed on a hot plate at 80 °C for 30 min,
followed by curing in a vacuum oven at 80 °C for 24 h. Lastly, the
prepared PDMS-coated substrates were immersed in toluene for
24 h to remove the uncured PDMS, followed by 12 h storage in
the vacuum oven at 80 °C to remove the toluene. For the prep-
aration of the PDMS-coated QCM-D sensors, Sylgard®184 (10 : 1
w/w base to curing agent) was dissolved in toluene to prepare
a 0.5 wt% solution and was stirred for 24 h. Subsequently, a 100
mL droplet of the PDMS solution was placed on a static silicon-
coated quartz crystal and was rotated for 30 s at 5000 rpm with
an acceleration of 2500 rpm s−1, using a spin-coater, to prepare
PDMS lms of approximately 10 nm thickness.48 The PDMS-
coated QCM-D crystals were then placed on a hot plate at 80 °
C for 30 min, followed by curing in a vacuum oven at 80 °C for
24 h. Prior to use, all PDMS-coated substrates were cleaned by
immersion in toluene for 30 s, followed by immersion for 30 s in
isopropanol, then MilliQ water for 5 min, followed by drying
with pure nitrogen gas, and allowing any remaining solvent to
evaporate for at least 1 h in an open container in a fume hood.

4.3. Fabrication of PDMS microspheres

PDMS Sylgard®184 (10 : 1 w/w base to curing agent) was mixed
thoroughly using a planetary mixer for 60 s at 2000 rpm, fol-
lowed by degassing for 90 s at 2200 rpm. Subsequently, 0.6 g of
the above mixture were added to 30 mL of 15 wt% polyvinyl
alcohol (PVA) aqueous solution to create PDMS-in-PVA emul-
sion droplets, and was stirred for 12 h at room temperature,
followed by 12 h stirring at 80 °C. The resulting PDMS micro-
particles (elastic modulus 2.0 MPa)18 were centrifuged at
4000 rpm and washed with MilliQ water several times to ensure
removal of any residual PVA.49

4.4. Fabrication of AFM colloidal probes

Rectangular tipless cantilevers with a spring constant ranging
between 0.3 and 0.8 N m−1 were used for the fabrication of
colloidal probes. Initially, the normal spring constant of the
tipless cantilevers was determined using thermal tuning
provided by Nanoscope soware v9. Subsequently, spherical
PDMS colloidal particles (diameter z 10 mm) were attached to
the end of the cantilevers using 2-part epoxy glue.

4.5. Scanning electron microscopy

An EVO MA15 scanning electron microscope (Carl Zeiss, Jena
Germany) was used to image the colloidal probe cantilevers, in
order to acquire the precise cantilever's dimensions, as well as
the diameter of the attached particles.
© 2023 The Author(s). Published by the Royal Society of Chemistry
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4.6. Atomic force microscopy (AFM)

All AFM measurements were acquired using a Multimode 8
AFM (Bruker, USA) equipped with a Bruker Nanoscope V
controller. The normal sensitivity and the spring constant were
calibrated as detailed by Hutter and Bechhoefe.50 The lateral
spring constant and the lateral sensitivity of the cantilevers were
calculated by beam mechanics,51 using the cantilever and
particle dimensions acquired with SEM. The AFM experiments
were performed in a liquid cell loaded with the appropriate
buffer. The samples were prepared as followed; approximately
200 mL of the desired protein solution was deposited on the
PDMS sample and was let to adsorb for an hour. Subsequently,
to remove non-adsorbed protein molecules that could adsorb
on the cantilever and interfere with the laser signal, the protein
solution was exchanged with buffer, ensuring that the sample
always remained hydrated. Finally, the samples were trans-
ferred to the AFM for measurements.
4.7. AFM imaging

Topographic images of the uncoated, as well as protein-coated
surfaces, were acquired by PeakForce Tapping™ (PFT)
imaging technique, which reduced damage arising from lateral
forces. Imaging was performed at room temperature in a liquid
environment using a fused silica liquid cell loaded with buffer
solution and ScanAsyst-Fluid + cantilevers (Bruker, USA). The
PeakForce setpoint was set at 50 pN, the tapping frequency was
4 kHz, while the scanning rate was 1 Hz. Images were acquired
with 512-pixel resolution and were subjected to 1st order at-
tening to remove tilt and offset of each line.
4.8. Friction force microscopy (FFM)

Frictional forces were calculated from friction loops, by
recording the lateral voltage signal of the cantilever as the
cantilever slides over the PDMS substrate, which are equal to
half the difference between the average lateral voltage values
obtained during the forward and reverse scan direction.52,53 The
raw signal, acquired by Nanoscope, was processed with custom
scripts developed in MATLAB (MathWorks). Experiments were
performed using PDMS probes in the presence of plant protein
solutions. Although tongue surface has a tendency to be
hydrophobic and is weakly polar (60–70°),19,54 the static contact
angle is far from that of PDMS (110°),26,46 latter is highly
hydrophobic. However, PDMS is conventionally used in litera-
ture as the chosen substrate to understand frictional behaviour
of proteins and therefore was used in this study for comparison.
In order to be close to real tongue surface in terms of wettability,
BSM was used to primarily coat the PDMS surfaces, BSM here
acted as an approximate for salivary coating.25,33 The friction
was measured starting from 0 nN normal load and increasing
progressively to 90 nN, using a sliding speed of 5 mm s−1, over
a scan size of 5 mm. A distance of 500 nm was kept between
consecutive scan lines to ensure that the colloidal probe was
sliding on a fresh surface every time and ensure steady condi-
tions, while each scan was taken on a new area.
© 2023 The Author(s). Published by the Royal Society of Chemistry
4.9. Quartz crystal microbalance with dissipation
monitoring (QCM-D)

A quartz crystal microbalance with dissipation monitoring
(QCM-D, E4 system, Q-sense, Sweden) was used to measure real-
time adsorption of lupine, pea, and potato protein on PDMS-
coated surfaces. A peristaltic pump (Ismatec, Germany) was
used to inject the buffer at the right pH and protein solutions
into the QCM-D chamber, using a ow of 100 mL min−1 at 25 °C.
Initially, buffer solution was injected into the QCM-D chamber
until a stable frequency and dissipation baseline was achieved.
For the adsorption on bare PDMS surfaces, the protein solution
was injected into the system and was le to adsorb, allowing the
system to equilibrate, followed by rinsing with buffer to remove
loosely bound protein molecules for at least 30 min. For
adsorption onto the BSM-coated PDMS sensors, BSM was rst
injected into the system and le to adsorb until equilibration,
before rinsing with buffer for at least 30 min. Subsequently,
protein solutions were injected and let to adsorb on the BSM
lm, before nally rinsing with buffer. All sensors were used
only once to ensure the cleanliness of the PDMS surfaces.
Frequency and dissipation data were collected by Qso soware
(Q-Sense, Sweden) and were analysed by Dnd (Q-Sense, Swe-
den). Subsequently, the 3rd to 11th overtones were tted using
a Voigt “Smartt”model for viscoelastic lms provided by Dnd
to obtain the lm thickness.36 Each sample was measured in
triplicates and means and standard deviations were reported.
4.10. Statistical analysis

Signicant differences between samples were determined using
one-way ANOVA with post hoc Tukey's multiple comparison test
using SPSS soware (IBM, SPSS statistics) and 95% level of
condence.
Conflicts of interest

The authors declare no conict of interest.
Acknowledgements

This study has received funding from the European Research
Council (ERC) under the European Union's Horizon 2020
research and innovation program (grant agreement no 757993).
References

1 S. Ma, H. Lee, Y. Liang and F. Zhou, Angew. Chem., Int. Ed.,
2016, 55, 5793–5797.

2 F. N. Brown, A. R. Mackie, Q. He, A. Branch and A. Sarkar,
Food Funct., 2021, 12, 3324–3351.

3 F. Canon, C. Belloir, E. Bourillot, H. Brignot, L. Briand,
G. Feron, E. Lesniewska, C. Nivet, C. Septier, M. Schwartz,
C. Tournier, R. Vargiolu, M. Wang, H. Zahouani and
F. Neiers, J. Agric. Food Chem., 2021, 69, 3822–3826.

4 S. Wang, S. M. Olarte Mantilla, P. A. Smith, J. R. Stokes and
H. E. Smyth, Food Hydrocolloids, 2020, 109, 106109.
Nanoscale Adv., 2023, 5, 1102–1114 | 1113

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


Nanoscale Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

6 
D

ec
em

be
r 

20
22

. D
ow

nl
oa

de
d 

on
 1

1/
10

/2
02

5 
9:

48
:4

1 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online
5 A. Sarkar and E. M. Krop, Curr. Opin. Food Sci., 2019, 27, 64–
73.

6 R. Upadhyay, N. Brossard and J. Chen, J. Phys. D: Appl. Phys.,
2016, 49, 104003.

7 L. Laguna and A. Sarkar, Tribol.-Mater., Surf. Interfaces, 2017,
11, 116–123.

8 A. Sarkar, S. Soltanahmadi, J. Chen and J. R. Stokes, Food
Hydrocolloids, 2021, 117, 106635.

9 A. Sarkar, E. Andablo-Reyes, M. Bryant, D. Dowson and
A. Neville, Curr. Opin. Colloid Interface Sci., 2019, 39, 61–75.

10 E. Liamas, S. D. Connell, S. N. Ramakrishna and A. Sarkar,
Nanoscale, 2020, 12, 2292–2308.

11 M. Roba, M. Naka, E. Gautier, N. D. Spencer and R. Crockett,
Biomaterials, 2009, 30, 2072–2078.

12 D. P. Chang, N. I. Abu-Lail, J. M. Coles, F. Guilak, G. D. Jay
and S. Zauscher, So Matter, 2009, 5, 3438–3445.

13 M. Wang, C. Liu, E. Thormann and A. Dedinaite,
Biomacromolecules, 2013, 14, 4198–4206.

14 D. P. Chang, F. Guilak, G. D. Jay and S. Zauscher, J. Biomech.,
2014, 47, 659–666.

15 A. Raj, M. Wang, C. Liu, L. Ali, N. G. Karlsson, P. M. Claesson
and A. Dedinaite, J. Colloid Interface Sci., 2017, 495, 200–206.

16 J. An, A. Dedinaite, A. Nilsson, J. Holgersson and
P. M. Claesson, Biomacromolecules, 2014, 15, 1515–1525.

17 N. Nikogeorgos, J. B. Madsen and S. Lee, Colloids Surf., B,
2014, 122, 760–766.

18 E. Liamas, S. D. Connell, M. Zembyla, R. Ettelaie and
A. Sarkar, Nanoscale, 2021, 13, 2350–2367.

19 E. Andablo-Reyes, M. Bryant, A. Neville, P. Hyde, R. Sarkar,
M. Francis and A. Sarkar, ACS Appl. Mater. Interfaces, 2020,
12, 49371–49385.

20 L. Laguna, R. A. Barrowclough, J. Chen and A. Sarkar, J.
Texture Stud., 2016, 47, 413–422.

21 W.-Y. Lin, Y.-M. Chen, K.-M. Wu, P.-K. Chen and Y.-J. Hwu,
Int. J. Environ. Res. Public Health, 2021, 18, 5452.

22 T. Mano, M. Katsuno, H. Banno, K. Suzuki, N. Suga,
A. Hashizume, A. Araki, H. Watanabe, S. Tanaka,
M. Yamamoto and G. Sobue, Neurology, 2014, 82, 255–262.

23 L. Macakova, G. E. Yakubov, M. A. Plunkett and J. R. Stokes,
Colloids Surf., B, 2010, 77, 31–39.

24 D. I. Pedro, D. T. Nguyen, J. G. Rosa, N. Diodati, J. Kim,
J. I. Bowman, R. A. Olson, J. M. Urueña, B. S. Sumerlin and
W. G. Sawyer, Tribol. Lett., 2021, 69, 155.

25 F. Xu, E. Liamas, M. Bryant, A. F. Adedeji, E. Andablo-Reyes,
M. Castronovo, R. Ettelaie, T. V. J. Charpentier and A. Sarkar,
Adv. Mater. Interfaces, 2020, 7, 1901549.

26 M. Zembyla, E. Liamas, E. Andablo-Reyes, K. Gu, E. M. Krop,
B. Kew and A. Sarkar, Food Hydrocolloids, 2021, 111, 106364.

27 B. Kew, M. Holmes, M. Stieger and A. Sarkar, Food
Hydrocolloids, 2021, 116, 106636.

28 J. Meissner, A. Prause, B. Bharti and G. H. Findenegg, Colloid
Polym. Sci., 2015, 293, 3381–3391.
1114 | Nanoscale Adv., 2023, 5, 1102–1114
29 L. Tercinier, A. Ye, A. Singh, S. G. Anema and H. Singh, Food
Biophys., 2014, 9, 341–348.

30 K. L. Jones and C. R. O'Melia, J. Membr. Sci., 2000, 165, 31–
46.

31 V. S. Raghuwanshi, B. Yu, C. Browne and G. Garnier, Front.
Bioeng. Biotechnol., 2020, 8, 573.

32 E. Liamas, K. Kubiak-Ossowska, R. A. Black, O. R. T. Thomas,
Z. J. Zhang and P. A. Mulheran, Int. J. Mol. Sci., 2018, 19,
3321.

33 A. Sarkar, F. Xu and S. Lee, Adv. Colloid Interface Sci., 2019,
273, 102034.

34 J. R. Stokes, M. W. Boehm and S. K. Baier, Curr. Opin. Colloid
Interface Sci., 2013, 18, 349–359.

35 R. Akhtar, M. J. Sherratt, J. K. Cruickshank and B. Derby,
Mater. Today, 2011, 14, 96–105.

36 M. V. Voinova, M. Rodahl, M. Jonson and B. Kasemo, Phys.
Scr., 1999, 59, 391–396.
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