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Abstract: Epithelial surfaces rely on a mucous layer at contact interfaces to protect against mechanical
stresses. Disruption of mucous lubrication compromises its protective function, increasing the exposure
and vulnerability of underlying tissues to frictional damage. This study uses a novel biofidelic epithelial

model that incorporates living cells, to study the interface-level mechanisms of friction, stress-induced
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cell membrane rupture and cell detachment in the presence and absence of mucous lubrication. This
comprehensive approach bridges the disciplines of cell biology and tribology, offering new insights into
particle-mediated lubrication at biological interfaces. This is relevant to understanding the heightened
ocular and oral sensations associated with mucous lubrication failure, as seen in dry eye and dry mouth
conditions and during oral perception of alternative plant protein ingredients such as fava bean protein
isolate (FBPI). Friction experiments and subsequent cell damage analysis revealed that FBPI particles
reduced friction by mitigating adhesion forces, while mucous layers further diminish shear-induced
damage. In the absence of a mucous layer, stronger adhesive interactions at the cell-probe interface led
to increased friction and cellular damage. Cell membrane rupture occurred when mechanical stresses
exceeded critical thresholds, whereas detachment resulted from the breaking of fibronectin bonds at cell-
fibronectin junctions. These findings highlight interface level mechanisms that can be applied towards

the development of alternative food proteins and the further design of biofidelic testbeds.

Keywords: Mucous lubrication, Plant protein particles, Oral tribology, Epithelial cells, Friction

1. Introduction

Epithelial surfaces play a pivotal role as biological interfaces between the body and its environment,
facilitating essential physiological functions. From a biomechanical perspective, these surfaces are
exposed to complex mechanical interactions, including friction, adhesion and deformation, under
varying loads. Such interactions are particularly relevant in functionalities involving high stresses or
repetitive contact, such as with biomedical devices, implants or when eating food. A protective layer of
mucous proteins serves as nature’s lubricant, shielding the epithelial cells from extreme shear forces.
However, this mucous layer is susceptible to failure and leads to exposure of the epithelial tissues,
rendering them vulnerable to mechanical stresses [1-3]. Understanding the mechanisms that lead to
epithelial tissue exposure and cell damage is essential for unravelling the relationship between

mechanical loads and cellular responses in a bio-tribological context [4].



Previous studies have examined the failure of boundary lubricating layers in machine elements which
leads to local or gross lubrication losses and exposes underlying surfaces to direct contact between tribo-
pairs [5,6]. The presence of particles in such systems have also been identified as a significant cause of
failure (wear) through mechanisms such as abrasion [7]. Similarly, in contacts involving biological
tissues, particle-induced failure occurs. In extreme cases, these can lead to heightened sensations and/or
mechanical micro-trauma on epithelial tissues. For example, protein particles interacting with
biomimetic surfaces are a critical component of food research, as they influence texture and mouth feel
by interacting with oral components, particularly through tribological and rheological phenomena [8—
10]. Research shows how particles induce friction during sliding contacts with soft surfaces, exposing
the role of adhesion, abrasion, lubrication disruption and stress concentration [11,12]. These interactions
are highly dependent on specific systems and applications, highlighting the need for a more
representative system to study the dynamic interplay between soft surfaces, particles and epithelial cells.
Such a system becomes particularly important in scenarios where boundary lubricating layers fail to
protect the epithelial layer from interactions that push the operating conditions beyond the physiological

thresholds or limits typically tolerated by the tissue surface.

Recent advances in biotribology have driven the development of biomimetic platforms that
progressively replicate key attributes of epithelial surfaces. Earlier models relied on untreated, simplified
surfaces such as steel, glass or smooth PDMS [2,13,14]. More recently, biomimetic textures that
simulate the topology, wettability and stiffness of the human tongue have been employed in tribological
studies [15]. The most recent refinements include the adsorption of mucous boundary layers on soft
surfaces to study boundary lubrication [5,16]. These platforms have led to key findings based on the
capabilities of the systems used in the corresponding investigations, including friction modulation,

particle entrainment, boundary layer failure and surface exposure [17-19].

What is missing, however, is an approach capable of representing the intricate dynamics of soft surfaces
in contact with cells at these micro- and nanoscale interfaces, explaining the differences in failure
mechanisms during typical applications such as the presence/absence of a protective mucous layer or

the failure mechanisms resulting from the entrainment of plant protein particles.



The current work introduces a biofidelic epithelial model created by adsorbing mucous boundary layers
onto an epithelial cell monolayer attached to PDMS. This innovative approach integrates friction testing
with damage analysis of cell monolayers, to investigate the lubricating properties of plant protein
particles. This is achieved by examining the interplay between particle-mediated lubrication, mechanical
stresses and cellular responses during the sliding contact of a PDMS probe on a cell monolayer. The aim
of this study is to uncover how the presence or absence of protein particles or a lubricating mucous layer
influences the interaction mechanisms at the oral contact interface. With this study, a link between
contact mechanisms, friction signals, number of dead/detached cells and cell monolayer damage patterns
is established, providing a unique perspective to understanding how stresses are transferred to the

underlying tissues during sliding contact.

2. Materials and methods

2.1 Materials

Silicone elastomer Sylgard 184 purchased from Dow Silicones Corp., USA was used in preparing the
PDMS probes whereas substrates were prepared using soft PDMS GEL-8100 purchased from NuSil
Technology LLC, USA. Phosphate buffered saline (PBS) powder purchased from Sigma Aldrich, USA,
was used as a buffer solution throughout this work. Bovine submaxillary mucins (BSM) type I-S
purchased from Sigma Aldrich, USA, was used as a model for salivary mucous proteins. Fava bean
protein isolate (FBPI) was provided by COSUN (Dinteloord, Netherlands). Fibronectin from bovine
plasma was purchased from Gibco (33010-018). Cell culture medium was prepared from Iscove’s
Dulbecco’s Modified Eagle’s Medium (Iscove’s DMEM) purchased from Corning Inc., USA, 1%
penicillin-streptomycin and 10% fetal bovine serum. The cell line used was an immortalized human oral
squamous carcinoma cell line, PE/CA-PJ15 (catalogue number 96121230) which was purchased from
Culture Collections, UK. PE/CA PJ15 cells were chosen because they provide reproducible,
mechanically consistent monolayers ideal for controlled tribological testing, enabling clear comparison

of interaction mechanisms even if absolute damage thresholds may differ from native oral tissues.



2.2 Methods

2.2.1 Preparation of mucin solution and fava bean protein isolate dispersion

BSM solution was prepared by dissolving BSM in PBS at a concentration of 3.0 wt% for 8 hours. To
obtain a purified BSM solution, dissolution was followed by protein dialysis using a Spectra-Por dialysis
column (100 kDa MWCO) against PBS for 48 hrs. The purified BSM solution was stored between 2-8

°C. FBPI colloidal dispersions in PBS was prepared following the procedure described in [5].

2.2.2 Probe and substrate fabrication.

The PDMS substrates were prepared by mixing NuSiLL PDMS pre-polymer part A and part Bina 1:1
ratio and adding 1 wt% of curing agent before stirring for at least 2 minutes. The mix was placed in
vacuum to evacuate trapped air before pouring 2 grams into each tissue culture plate. Samples were
returned to the vacuum to evacuate any newly introduced air before incubating overnight at 70 °C. The

final substrate had a diameter ¢ = 35 mm and Young’s Modulus E; = 73.32 £2.96 kPa [2].

A hemispherical PDMS probe was chosen for these experiments because it provides a well-defined and
reproducible contact geometry with uniform pressure distribution, enabling the application of the
Hertzian contact theory while maintaining biocompatibility under physiologically relevant conditions.
PDMS probes were prepared by mixing Sylgard 184 pre-polymer with a curing agent in a 10:1 mix ratio
and stirring for at least two minutes. Air bubbles in the mix were evacuated by placing in vacuum before
gently pouring the uncured polymer into a 96 microwell mold (Greiner bio-one, Germany). The uncured
polymer was placed in vacuum once more before curing in the oven at 60 °C for 3 hours. The resulting
PDMS probes had hemispherical tips of R = 3mm, Young’s Modulus E, = 2.4 MPa and a centre line
average roughness Ra = 2.69 um. The probe holder was printed using a masked stereolithography

apparatus (MSLA Original Prusa SL1S).

2.2.3 Tissue culture plate preparation

Tissue culture plates were prepared following the procedure described previously in [2]. Briefly, PDMS

substrates were washed thoroughly with 70% industrial methylated spirit (IMS) and washed 3 times
5



with 3 ml PBS. 2 pg cm™ of fibronectin solution was prepared, and 3.5 mL of the solution was adsorbed
onto each tissue culture dish before incubating at room temperature for 24 hours. A human oral
squamous carcinoma cell line (PE/CA-PJ15) was cultured in Iscove’s DMEM and grown until at least
70% confluent at 37 °C, 95% relative humidity and 5% CO,. Cell suspension was collected and
centrifuged at 500 g/relative centrifugal force (r.c.f) for five minutes. Upon removing the supernatant,
cells were resuspended in 3 mL of cell culture media until a seeding density of 20,000 cells/cm” was
achieved. Tissue culture plates with adsorbed fibronectin were washed 3 times with PBS prior to cell
seeding. These were then incubated at 37 °C, 95% relative humidity and 5% CO, until they reached 85-

90% confluency and were determined ready for testing.
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Fig. 1 Raw normal force (dotted blue line), friction force (solid blue line) signals and corresponding coefficient of
friction (solid red line during sliding) for a typical sliding test showing the signals before sliding, at the onset of
sliding, during and after sliding. In the pre-sliding (shaded grey) and end (shaded orange) zones, the solid red line
represents the ratio of the friction and normal forces.

2.2.4 Sliding friction tests

A Universal Mechanical Tester (UMT) tribometer (Bruker, USA) was used in a pin-on-plate

configuration to apply constant loading and sliding conditions while measuring the friction forces. Each



test was conducted by sliding a PDMS probe across a distance d = 10 mm at a velocity v = 1 mm/s,
applying a constant normal load Fn = 20 mN. The friction force was recorded throughout the test to
calculate the coefficient of friction (COF). Fig. 1 illustrates a typical representation of the friction force,
normal force and coefficient of friction (COF) signals. The resulting Hertzian contact pressure can be

calculated as:

_ 3Fy
Pu = 2may? Eqn. 1
where the Hertzian contact area ay is given by:

3F\R 3

NR)\3
= Eqn. 2

o ( 4E, )
The equivalent Young’s E = E\E,
) ¢ E,(1- vi)+ E;(1- v;?)

modulus E. is calculated Eqn. 3

as:

where the Poisson ratio of PDMS is taken as v = 0.49. The calculated Hertzian contact pressure py =
15.7 kPa, falls within the estimated range of compressive pressures (2-70 kPa) exerted on epithelial
tissues during tongue interactions with other oral surfaces [20,21]. Four different lubricating conditions
were tested using PDMS probes on the cell monolayer in tissue culture plates; i) particles and mucous
lubrication absent via a control test case where the cell monolayer was exposed with no proteins present
(only PBS) on the surface, ii) particles present in the contact via a 0.5 wt% FBPI dispersion only, iii)
mucous lubrication (ML) present via a BSM layer only, and iv) particles and mucous lubrication present
via a 0.5 wt% FBPI dispersion on BSM boundary layer (FBPI-ML). The FBPI concentration was chosen
because it provides a well-dispersed system for studying particles effects. Higher concentrations can
lead to a dense FBPI layer where shear occurs within the layer rather than at the probe-cell interface

[22]. The BSM boundary layer was formed by adsorbing 3 mL of 3.0 wt% of BSM solution onto the
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cell monolayer surface for 5 mins before washing with PBS. All tests were repeated 6 times and used 1
mL of either FBPI dispersions or PBS solutions in the tissue culture plates. Following each sliding
friction test, the PBS/FBPI was aspirated from the tissue culture plate, and the cell monolayer was

washed with PBS to ensure removal of cells detached during the sliding contact.

2.2.5 Live/dead imaging assay

Following each sliding test, 1 mL of the staining solution was poured into the tissue culture plate and
incubated for 15 mins at 37 °C and 5% COs. A cell staining solution was prepared using 0.15 mg/mL
propidium iodide (PI) and 5 pg/ml Hoechst 33342, trihydrochloride trihydrate in PBS. PI was used to
detect the dead cells and Hoechst solution was used as a counterstain for the live cells. The stained cell
monolayer was afterwards rinsed with 2 mL of PBS and 1 mL of cell medium was added to the sample

in preparation for imaging.

The cell monolayer was imaged using a Nikon Eclipse Ti fluorescence microscope (Nikon Instruments,
Japan). Dead cells stained with PI were visible at an excitation wavelength of 488 nm and an emission
wavelength of 617 nm, whereas live cells stained with Hoechst solution were visible at an excitation

wavelength of 361 nm and emission wavelength of 486 nm.

Images obtained from the fluorescent microscope were post processed using Image] software (Version
2.14.0, USA) [23,24]. Cell counts for both live and dead cells were done using the Cell Counter plugin
(version 3.0.0) whereas the Image J built-in measurement function was used to calculate the relative

fluorescent intensities.

2.2.6 Statistics
Significant differences between the COF and live-dead cell counts were determined by one-way
ANOVA using the Kruskal-Wallis test [25]. P-values were also obtained via post-hoc pairwise

comparisons using Dunn’s test with Bonferroni adjustment. Statistical analyses were done in Python



(version 3.10.11) using the scipy library [26] and scikit-posthocs package [27]. Tests were considered

statistically significant when the p-value for significance was below the 0.05 threshold.

2.2.7 Damage assessment

A typical image from a sliding test after the live-dead imaging assay described in Section 2.2.5 is
presented in Fig. 2 annotated with a slide region and two control regions. In these images, the red spots
indicate the dead cells, the blue spots indicate the live cells and the dark grey background correspond

either to areas lacking cell coverage or locations where cells were detached during sliding.
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Fig. 2 Live-dead cell assay of the cell monolayer, highlighting the sliding direction, slide region and control regions
used to calculate live (blue), dead (red) and removed cells.

After cell counting, the number of detached cells (As) was estimated by subtracting the number of cells
remaining in the slide region from the number of cells that were initially present in the slide region,
assuming that the average cell densities for both control and slide regions were equal before sliding,

such that:

Ag = Agc - (Lc + Dc) - (Ls + Ds) Eqn. 4

where, A, represents the ratio of the sliding contact area to the control region area, L is the counted
number of live cells, D is the counted number of dead cells, and the subscripts ¢ and s denote whether
the cells were counted in the control or sliding regions, respectively. As the cell numbers can vary
between the tissue culture plates, cell counts are reported as a fraction of the total number of cells for

each tissue culture plate.



3. Cell damage mechanisms

When cells are adhered to a substrate, their deformation and damage are largely dependent on the
interactions with the environment. Techniques to investigate the mechanical and failure properties of
cells such as their stiffness, surface tension, hydrostatic pressure, rupture loads and the shear stresses
necessary for detachment are available from the literature [28—30]. These properties are directly related
to how cells react under different mechanical loads, outlining the critical values beyond which damage

may occur to cells adhered to a substrate.

In the context of this study, damage can be categorized as either cell death or cell detachment. Cell death
may be caused by probe-induced cell wall rupture or by particle-induced cell wall rupture. Cell
detachment occurs when the probe, during sliding, removes cells that were previously adhered to the
PDMS substrate. This section presents a hypothesis regarding the possible mechanisms of cell damage
(death and detachment) during probe-particle-cell interactions, as well as the potential role of mucous
lubrication at the interface, which will be tested through subsequent experiments and analysis. To make
this assessment, four possible interaction modes are considered, combining when mucous lubrication is
present or absent with when a particle is present or absent at the probe-cell interface. Fig. 3 illustrates
the four different interaction modes for a system entirely submerged in a PBS buffer to maintain
physiological conditions. Two assumptions are made with respect to the contacting surfaces: i) The
probe and cell contact geometry is axisymmetric, smooth and continuous i.e. perfectly aligned with no
roughness at the cell-probe interface, and ii) the cell width is much smaller than the contact radius such
that the effect of the probe curvature can be neglected and it is taken as a flat on flat contact. In this

section, the expected failure modes occurring during these interactions are examined.
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Fig. 3 Hypothetical representation of a PDMS probe in contact with a single cell adhered to a PDMS surface during
a sliding test, illustrating the transmission of forces responsible for friction, localized cell pressure and cell damage.
Forces are transmitted from the probe to the cell and the underlying fibronectin layer when (a) mucous lubrication
and particles are absent (only PBS) (b) only mucous lubrication (ML) present (¢) only entrained FBPI particles
present and (d) entrained FBPI particles and mucous lubrication present (FBPI-ML) at the cell-probe interface.
The entire system is submerged in PBS to maintain physiological conditions.

a) Probe induced cell death by cell membrane rupture

A cell completely exposed and in direct contact with the sliding probe is subjected to both a constant
normal load (F~) and velocity (v), as shown in Fig. 3a. Fx is transmitted over the contact area (4) in the
form of a uniform pressure distribution p. The sliding action of the probe generates a friction force (Fy)
which in this case is the sum of the force needed to supply energy of deformation (Frq.r) and the force

to shear adhered junctions (Fradn) at the cell-probe interface:

Ft = Ftgef + Ftadn Eqn. 5

Following the assumption of a smooth, axisymmetric and continuous contact while neglecting the effect
of the probe curvature, the deformation term Fg 4¢¢ is considered to be zero. The adhesion term can be

defined as:

Ftagh = 7- A Eqn. 6
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where 7 is the shear stress. The exerted pressure and shear forces at the cell-probe interface can tear
sections of the cell wall, depending on the limiting shear strength of the cell membrane. Considering the
cell membrane to be a thin film that houses the cytoplasm with a uniform hydrostatic cell pressure
exerted on the cell membrane, there exists a critical pressure pmax and a critical shear stress (membrane

shear strength) zmax such that when:

1) P > Pmax OF

i) T(¥) > Tmaxs

a resulting strain induced cell membrane rupture leads to cell death [31]. The shear stress at the cell-

probe interface z(h) is related to the contact pressure p by:

t(h) = up Eqn. 7

where 1 corresponds to the COF at the cell-probe interface. The critical mechanical thresholds for cell
membrane rupture under different loading conditions are available from the literature, including Peeters
et al. who investigated the mechanical properties of adherent cells under compressive forces,
determining critical rupture forces and threshold strain values beyond which cell failure occurred [32].
Another study by Ludwig et al. demonstrated the influence of shear stresses on cells adhered onto a
surface, showing irreversible morphological changes and death at a determined critical shear stress [33].
These studies highlight how cell membrane failure is governed by both stress magnitude and loading

dynamics.

b) Probe induced cell detachment

Below the critical stresses required for probe-induced cell death by membrane rupture, a cell directly
exposed to the probe (see Fig. 3a) is susceptible to detachment. During probe sliding, the shear stress at
the cell-probe interface z(4), is transmitted to the cell-fibronectin interface 7(0), thereby influencing the
mechanical interactions at cellular adhesion points. Fibronectin coatings mimic the extracellular matrix

(ECM) by forming adhesive joints (fibrils) that hold the cells fixed to the substrate. When exposed to

12



shear, there exists a critical shear stress zs,, beyond which adhesive bonds break and cells detach from

fibronectin-coated surfaces [30]. In such cases, cell detachment is expected to occur when:
7(0) > Tpp

Dunn et al. conducted friction tests to determine normal loads and shear stresses beyond which cell
detachment forces were large enough to overcome the adhesive forces [3]. Thoumine et al. described
this phenomenon of cell adhesion rupture for cells adhered to microplates via fibronectin and proposed

a model to predict the critical forces required for detachment [34].

Within the sliding region, a cell in equilibrium can therefore be defined as one that satisfies the
conditions p < Pmax, 7(¥) < Tmax, and 7(0) < zgp, ensuring that a cell in contact with the sliding probe stays

alive and remains adhered to the surface after the experiment.

) Mucous boundary lubrication

The presence of a mucous boundary layer on the cell monolayer as shown in Fig. 3b introduces a new
interface that alters the previously described mechanical interactions at the cell-probe interface. The
superior lubricating property of bovine submaxillary mucins is expected to reduce the friction coefficient
from p (when mucin is absent and the cells are fully exposed) to {1, as adhesive junctions are replaced
by a hydrated protein layer. The shear stress at the cell-probe interface when a mucous layer is adsorbed,

becomes:

T(h) = pp Eqgn. 8

This indicates that the shear forces at both the cell-probe interface and the resulting shear stresses at the
cell-fibronectin interface are reduced due to mucous boundary layer lubrication. Consequently, it
becomes less likely that in the presence of a mucous lubricating layer cell death occurs from T(y)
reaching the critical value T,,,,, or for cell detachment to result from T(0) reaching the critical shear

stress Trip.

d) Particle induced cell membrane rupture

13



A particle entrained into the contact at the cell-probe-interface as illustrated in Fig. 3c and Fig. 3d
separates the contact between the probe and the cell. In the boundary lubrication regime, the presence
of particles in the sliding contact, reduces the contact area, increases the contact pressure and decreases
the friction force compared to an exposed cell-probe contact [35,36]. Particles with an average diameter
less than the cell diameter will act as an indenter on the cell membrane, exerting a pressure p that is
much greater than p (the pressure when the cell is in contact with the probe). The effect of a spherical
probe exerting force on a cell has been studied using atomic force microscopy (AFM) and finite element
modelling, demonstrating a rapid increase in stresses around the contact region that is sufficient to reach
the failure strain for cell membrane rupture [37,38]. Depending on factors including particle shape, size,
hardness, substrate deformation and film thickness, a particle within a contact may roll, slide, or become
embedded in one surface while being dragged across the surface, causing a steep increase in both contact

pressure and force of abrasion (F4) at the point of contact with the particle.

Together, the interaction modes presented in this section form a testable hypothesis regarding the
mechanisms of cell damage during probe-particle-cell interactions and the potential influence of mucous

lubrication, which the experiments and analyses have been designed to evaluate.

4. Results

The results from this study showed that there were significant differences across all experiments in the
calculated COF (H(3) = 13.23, p = 0.004) and calculated damage, (H(3) = 9.55, p = 0.023) to the cell

monolayer.

14
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Fig. 4 Coefficient of friction (left, black) and damaged cell percentage (right, red) showing fractions of damaged
cells (sum of dead and detached cell fractions) when PBS buffer, fava bean protein isolate (FBPI), mucous layer
(ML) and FBPI on ML (FBPI-ML) were present on an epithelial cell monolayer during friction tests.

The results in Fig. 4 show that the highest friction occurred when cells were completely exposed to the
PDMS probe in the presence of a PBS buffer, which also resulted in the greatest damage (cell death and
detachment) on the cell monolayer. The introduction of FBPI reduced the COF compared to a fully
exposed cell monolayer due to the entrainment of protein particles in the contact; however, similar levels
of cell damage were observed in both cases. The observed differences in COF and the similarities in cell
damage in the presence and absence of FBPI particles suggests that the assumption of friction being
directly related to cell damage may not be valid in this case. This means that there may be at least two
distinct cell damage mechanisms occurring when the probe interacts with the cell monolayer under the

conditions investigated.

Adding a mucous boundary layer to the cell monolayer reduced both friction (p = 0.002) and cell
monolayer damage (p = 0.133) compared to when no mucous was present on the cell monolayer. The
presence of FBPI on the mucous boundary layer resulted in a COF similar to what was observed when
FBPI alone was present without the mucous layer, although slightly higher than when only the mucous

layer was present. Cell monolayer damage in the presence of FBPI on the mucous layer was greater than

15



when only the mucous layer was present (p = 0.053) and similar to the damage recorded when only
FBPI was present on the cell monolayer. The low friction levels and higher damage recorded when FBPI
was present compared to other experiments suggests that FBPI contributes to a cell damage mechanism
that is independent of the shear stress, which was previously considered to be the major cause of cell

damage [4,39].
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Fig. 5 Normalized cell percentage of dead cells (red) and detached cells (black) when PBS buffer, fava bean
protein isolate (FBPI), mucous layer (ML) and FBPI on ML (FBPI-ML) were present on an epithelial cell
monolayer during friction experiments.

Analysing the mode of damage as either cell death or cell removal provides further insights into the
underlying damage mechanisms. In Fig. 5, the cell monolayer damage data is split into two sub-sets,
consisting of dead cells and detached cells. When the mucous layer was absent on the cell monolayer
(PBS and FBPI), there was a higher amount of cell death and cell detachment compared to when a
mucous layer was present with no FBPI. Adding FBPI to the mucous layer resulted in a significant
increase in the number of cell deaths (p = 0.009). The level of cell detachment when FBPI particles were
present on the mucous layer was similar to when only the mucous layer was present. The percentage of
cell detachment when FBPI was present on a mucous layer was lower than both cases where there was

no mucous layer.
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Fig. 6 Images of fluorescence labelled epithelial cell monolayer showing live cells (blue) and dead cells (red).
Initial indentation region is circled, and contact region is highlighted, both in yellow. Images were obtained after
sliding contact of the cell monolayer with a PDMS probe under lubricating conditions: (a) particles and mucous
lubrication absent such that cell monolayer was fully exposed, (b) particles present as FBPI dispersion with no
mucous lubrication and (c) particles and mucous lubrication present as FBPI dispersion present on an adsorbed
mucous layer.

Fig. 6 provides fluorescent images with visual representation of the cell monolayer after sliding contact
with the probe for the different cases investigated. The region of the probes’ initial indentation is circled,
and the slide path is highlighted, both in yellow. Fig. 6a corresponds to a sliding test where only PBS
was present on the cell monolayer and shows areas in the slide path containing live cells in blue, dead
cells in red and regions where cells have been detached, indicated by the empty (dark) regions along the
sliding path. Fig. 6b represents the cell monolayer after only FBPI was present during sliding. At the
onset of sliding, a repetitive pattern of removed cells, matching the shape of the leading edge of the
contact region of the sliding probe suggests that stick-slip had occurred. This observed stick-slip
behavior results from alternate periods of sticking and slipping when transitioning from static to dynamic
friction and has been studied in contacts involving soft surfaces [40,41]. The sticking phase is

characterized by increased friction forces, often resulting in a build-up of stress at the interface, which
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in turn causes the observed cell deaths and removal indicated by the red and dark annotated stick-slip
pattern in Fig. 6b. During slipping, the energy stored at the interface drives accelerated motion,
accompanied by a rapid drop in the friction force that leads to local separation or sliding until stresses
are redistributed. The combined action of sticking and slipping produced the annotated pattern shown
in Fig. 6b. Additionally, a continuous stretch of dead cells along the sliding path was observed, beginning
at the region of indentation. A similar pattern of dead cells is visible in Fig. 6c, when FBPI was present
with a mucous layer. This effect which was visible in both experiments when FBPI was present with
and without a mucous layer suggests that during initial probe indentation some FBPI particles were
adhered onto the probe and were dragged along the cell monolayer causing abrasion. A typical
characteristic of this abrasive wear mechanism are parallel lines/grooves on the abraded surfaces

[42,43].

5. Discussion

Results presented in this study indicated that the greatest amount of damage occurred when the cell
monolayer was exposed to mechanical loads during contact with the sliding probe in the absence of
mucins and particles at the cell probe interface. The cell damage data reported in Fig. 4 when the exposed
cells were in contact with the probe can be attributed to either: i) the contact pressure on individual cells
being larger than the critical threshold for cell membrane rupture, or ii) the shear stresses at the cell-
probe interface exceeding the cell membrane shear strength (critical shear stress). Given the calculated
Hertzian contact pressure (pu = 15.7 kPa) and average calculated coefficient of friction p = 0.0175, it is
possible, using Eqn. 7, to give an estimated value for the shear stress when the cells were exposed to the

probe in the absence of mucins or particles as T =275 Pa.

A lower occurrence of cell death and detachment was reported following tests where the mucous
boundary layer was present on the cell monolayer compared to those where it was absent. This could be
attributed to the lower average coefficient of friction g = 0.006 resulting in a reduced average shear
stress value T = 94 Pa, as estimated using Eqn. 8. This reduction in shear stresses is noticeable for

experiments with a mucous layer as they resulted in the lowest amount of cell deaths and cell
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detachment, suggesting that the critical shear stresses of the cell membrane zmax and cell-fibronectin
adhesive junctions zr, were not exceeded. Despite the improved lubrication properties of the mucous
layer, there were still cell deaths occurring, this is attributed to the unchanged pressure distribution
exerted by the probe on the cell plausibly leading to pressure induced cell membrane rupture similar to

what was observed in indentation tests by [44].

FBPI particles present at the cell-probe interface resulted in a lower coefficient of friction (i = 0.009)
compared to conditions where the cell monolayer had neither mucins nor FBPI present. In experiments
involving FBPI present on a mucous layer, the coefficient of friction dropped further to g = 0.006,
similar to results observed when only mucins were present. Despite these differences in coefficient of
friction when FBPI was tested in the presence or absence of a mucous layer, both conditions led to
similar levels of cell damage. The observed differences in interfacial shear stress (proportional to the
COF in this case) when FBPI was tested in the presence and absence of a mucous layer, coupled with
the comparable levels of cell damage, suggests that the presence of FBPI at the cell-probe interface

induces cell damage through mechanisms other than shear stress induced cell membrane rupture.

When FBPI was present on a mucous layer, the lowest number of cell detachments was observed,
(comparable to tests with only the mucous layer present), indicating that the critical shear stress zs, was
not reached. However, this same experiment resulted in the highest number of cell deaths. Considering
the properties of the interacting components, oral squamous epithelial cells typically have diameters
ranging from 60 pm - 100 pm, while FBPI particles average 45 nm in size (see appendix) [45]. Due to
its smaller size, each particle at the contact interface acts as an indenter on the cell membrane, exerting
a pressure p that is much greater than py. The reduction in contact area as a result of particles within the
contact, together with the corresponding increase in contact pressure at localized probe-particle-cell
regions, explains the observed decrease in friction levels and the corresponding rise in cell deaths during
experiments involving FBPI particles. The results also indicated that the presence of the mucous
boundary layer during experiments involving FBPI particles, did not significantly affect the coefficient
of friction or the number of dead cells. This supports the hypothesis that the observed damage in the

presence of particles was primarily due to pressures exceeding critical threshold values at the probe-
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particle-cell interface, rather than being entirely as a result of changes to the friction forces. This

lubrication-protection dissociation implies that there may be limitations to oral tribological assessments

using only the COF as metric for evaluating particulate systems.

6. Conclusions

This study investigated the lubricating properties of plant protein particles on an in vitro biofidelic

epithelial model, focusing on probe-particle-cell interaction mechanisms, and their correlation with

friction and the extent of damage to the cell monolayer. While many concepts discussed in this work

have been previously studied for soft surfaces in the absence or presence of particles, the novelty of this

study lies in its ability to establish a link between friction behaviour, cell monolayer damage patterns,

dead cell fractions and detached cell fractions. The comprehensive approach of this research bridges the

disciplines of cell biology and tribology, providing new insights into particle-mediated lubrication at

biological interfaces. This made it possible to identify a dissociation between lubrication performance

and cell-monolayer protection, indicating that the COF alone may not adequately represent the relevant

oral interaction mechanisms in particulate systems. Other key findings from this study include:

)

Compared to a cell monolayer fully exposed to a sliding probe, FBPI particles reduced the
contact area, increased the local contact pressures at the particle-cell interface and decreased
friction. The higher friction forces observed for fully exposed cell monolayers were
primarily attributed to the forces required to break adhesive bonds formed at the cell-probe
interface during sliding. In contrast, the presence of FBPI particles, an adsorbed mucous
layer, or both significantly reduced the influence of adhesion forces, resulting in lower
friction forces during sliding.

Cell death was primarily caused by the rupture of the cell membrane when it reached a
failure strain due to stresses exceeding critical threshold values. The loading and sliding at
the cell-probe interface were key factors determining the pressure and shear stresses acting
on the cell membrane. When the probe was in contact with cells, the pressure, shear stress,

or a combination of both surpassed measurable critical thresholds, causing cell membrane
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rupture and subsequent cell death. These threshold values, measurable using advanced
techniques, highlight the operation of mechanical stresses in tissue damage. Further studies
on the micromechanical properties of cells, including their viscoelastic behaviour, are
needed to fully understand how cells respond under different loading conditions.

1ii) Cell detachment was attributed to the dissociation of fibronectin fibrillar bonds at the cell-
fibronectin junctions. Shear forces at the cell-probe interface were transmitted to the cell-
fibronectin interface, resulting in the breaking of these adhesive bonds. A clear distinction
was observed in the extent of cell detachment in the absence versus presence of a mucous
boundary layer. Mucous boundary layers formed a hydrated barrier at the cell-probe
interface, replacing the adhesive bonds typically formed during the cell-probe contact. This
reduced the coefficient of friction and diminished the shear forces transmitted to the cell-

fibronectin junctions, ultimately leading to fewer cell detachments.

The findings from this study provide a better understanding of interface-level mechanisms relevant to
the development of alternative plant proteins. When coupled with sensory perception research, this
approach offers a promising objective complement to traditional panel tests, helping reduce the
subjectivity of sensory evaluations. Nevertheless, several challenges must still be addressed to bridge
the gap between objective measurements and subjective sensory assessments of food. These include
further investigation of interfacial phenomena such as the complexation of the mucous layer with
astringent plant proteins, characterizing the micromechanical properties of the cell layer, as well as

expanding studies to incorporate a wider range of food formulations.

Appendix

Dynamic Light Scattering measurements

Particle sizes of 0.05% w/v purified BSM, 0.1% w/v FBPI, and 1:1 mixtures of 0.1% w/v FBPI and
0.05% w/v purified BSM were measured using a Zetasizer (Malvern Panalytical, UK). A detailed

description of the measurement technique is provided in [46]. Prior to testing, sample solutions were
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centrifuged at 20,000 x g for 30 minutes and the supernatant was collected for analysis. All DLS

measurements were done at 32 angles at 25 °C.
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Fig. A Hydrodynamic size distribution of bovine submaxillary mucin (solid blue), fava bean protein isolate (solid
black), 1:1 mixtures of fava bean protein isolate and bovine submaxillary mucin (dashed blue) dispersions in PBS
buffer solution.

The DLS results shown in Fig. A reveal two distinct size fractions for each protein investigated, as well
as their mixture. BSM exhibited a major fraction with hydrodynamic diameters ranging from 60 nm -
460 nm (peak at 80 nm) and a smaller fraction ranging from 6 nm - 26 nm (peak at 11 nm). The FBPI
dispersion displayed a larger fraction between 30 nm - 385 nm (peak at 46 nm) and a smaller fraction
between 3 nm - 26 nm (peak at 8 nm). For experiments with the FBPI-BSM mixture, the smaller fraction
ranged between 4 nm - 27 nm (peak at 14 nm), while the larger fraction was between 30 nm - 309 nm

(peak at 59 nm).
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