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ARTICLE INFO ABSTRACT

Handling Editor: Dr. Xing Chen Astringency of phenolic-rich foods is a key tactile perception responsible for acceptability/rejection of plant

extracts as ingredients in formulations. Covalent conjugation of phenolic extracts with plant proteins might be a

Keywords: promising strategy to control astringency, but suffers from a lack of mechanistic understanding from the
Conjugation o lubrication point of view. To shed light on this, this ex vivo study evaluated the effect of conjugation of a phenolic
gg&nglocyamdm grape seed extract (GSE) with legume protein (lupin, LP) on tribological and surface adsorption performance of
Tribology GSE in the absence and presence of human saliva (ex vivo). Tribological results confirmed GSE had an inferior

lubrication capacity as compared to LP. The lubrication performance of LP-GSE dispersions was comparable to
their corresponding LP dispersion (p > 0.05) when covalently conjugated with LP (LP-GSE) with increasing LP:
GSE ratio up to 1:0.04 w/w and at a specific degree of conjugation (DC: 2%). Tribological and surface adsorption
measurements confirmed the tendency of GSE to interact with human saliva (ex vivo, n = 17 subjects), impairing
the lubricity of salivary films. The covalent bonding of LP to GSE hindered GSE’s interaction with human saliva,
implying the potential influence of covalent conjugation on attenuating astringency. LP appeared to compete
with human saliva for surface adsorption and governed the lubrication behaviour in LP-GSE dispersions. Findings
from this study provide valuable knowledge to guide the rational design of sustainable, functional foods using
conjugation of phenolics with plant proteins to incorporate larger proportions of health-promoting phenolics
while controlling astringency, which needs validation by sensory trials.

Plant protein

1. Introduction

Plant-sourced phenolic (PC) compounds such as phenolic acids, fla-
vonoids, and tannins (Vuolo et al., 2019) have been in the research
spotlight for the past few decades due to their potential
health-promoting properties, such as antimicrobial, antioxidant,
anti-inflammatory, anticancer (Camboim Rockett et al., 2020; Chlif
et al., 2022; Duan et al., 2020; Garcia-Lafuente et al., 2014; Kiipeli et al.,
2007; Mumtaz et al., 2021; Pereira et al., 2007; Su et al., 2009; Xu et al.,
2018), evaluated from in vitro and in vivo (animal and cell models)
studies. However, PC-rich foods often suffer from an unpleasant
mouthfeel perception of tactile origin named astringency, a feeling of
dryness associated with disturbed salivary lubrication. Astringency
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caused by PCs is a complex sensorial/neural phenomenon that can be
explained in parts by the loss of oral lubricity caused mainly by the
non-covalent interaction of hydroxyl groups in PCs with salivary pro-
teins forming precipitated complexes (Huang and Xu, 2021; Ma et al.,
2014). Often, to control such astringency perception in PC-rich bever-
ages such as wine, fining agents (e.g., proteins) are used (Cosme et al.,
2007; Ricardo-da-Silva et al., 1991). Plant proteins have been used as
fining agents with the hypothesis that covalent or non-covalent in-
teractions (Chantal et al., 2003; Marangon et al., 2019) of plant proteins
with hydroxyl groups in PCs desirably occupying the binding sites limit
the interaction of PCs with salivary proteins (Quan et al., 2019).
Nevertheless, a systematic probing into the physics of how a plant
protein may prevent PC from interacting with salivary proteins remains
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overlooked in literature.

Grape seed extract (GSE) is a health promoting PC compound, a by-
product in grape juice and wine processing originating from grape seeds
(Vitis vinifera) following extraction, drying, and purification post-
processing to enhance its content of PC (Lau and King, 2003). GSEs
stand out from other commercially available PC extracts because of their
higher concentration of oligomeric proanthocyanidins at proportions
more than 90% (Hagerman et al., 1998; Nakamura et al., 2003; Ricci
et al., 2017). Oligomeric proanthocyanidins are composed of a class of
condensed tannins well known for their potential biofunctional prop-
erties (tested in in vitro and in vivo studies) such as wound healing,
anti-inflammatory, antioxidant, cardiovascular, antihypertensive, anti-
ulcer, antimicrobial, and anticancer activities (Gupta et al., 2020),
though well known for their astringent perception (Ma et al., 2014;
Monteleone et al., 2004). Lupin protein (LP) on the other hand has
gained worldwide interest as a plant protein due to its nutritional value,
low environmental footprints, and low-cost cultivation (Shrestha et al.,
2021). Francisco et al. (2023) have shown promising covalent interac-
tion between the proanthocyanidins from GSE and LP, indicating the
potential of LP to act as a proanthocyanidin fining agent (Chantal et al.,
2003). A quantitative understanding of how LP interact with GSE to
reduce further interactions with human saliva may be deciphered using
oral tribology and surface adsorption studies which is missing in the
literature.

Oral tribology can successfully be used as a quantitative, physical
proxy to study the astringency of PCs (Laguna and Sarkar, 2017) and to
correlate the sensory attributes (i.e., slipperiness, smoothness, pastiness,
melting, dryness) with friction coefficient measurements across the
lubrication regimes (i.e., boundary, mixed and hydrodynamic) (Pradal
and Stokes, 2016; Sarkar and Krop, 2019). Studies have reported a
decrease in salivary lubrication (i.e., an increase in friction coefficient)
in the presence of PCs, corroborating sensorial trials (Rudge et al., 2021;
Wang et al., 2020, 2021). Previous tribological studies evaluated the
astringency of wines (Wang et al., 2020, 2021) and have measured the
lubrication and adsorption performance of LP (Kew et al., 2021; Liamas
et al., 2023; Kew et al., 2021; Liamas et al., 2023). However, a sys-
tematic quantification of tribological and adsorption properties of
LP-GSE conjugates and their synergy in interaction with human saliva
have not been performed in the literature to date. In this context, such a
study may offer valuable in vitro information on how the conjugation of
PCs with plant protein can affect the sensory perception of GSE while
retaining GSE for its health benefits.

Therefore, this study addresses this knowledge gap by unveiling the
physics of conjugating LP to GSE on frictional performance of PCs’
interaction with saliva. To first understand the role of the LP and GSE on
the lubrication performance of conjugates, two aspects of their

Table 1
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formulation were varied: (i) the LP:GSE ratio and (ii) the degree of
conjugation and were compared against control samples (LP and GSE
dispersions). The surface adsorption measurements were performed via
the quartz crystal-microbalance with dissipation (QCM-D) technique to
provide insights into the nature of interactions between biopolymers
(GSE, LP and LP-GSE) and human saliva/surfaces.

2. Material and methods
2.1. Material

Lupin protein isolate (LP, composition: 93 wt% (protein) and 7 wt%
(fiber + ash) on a dry basis, (Vogelsang-O’Dwyer et al., 2020) was kindly
donated by the Fraunhofer-Institut fiir (Freising, Germany). Grape seed
extract (GSE, 95 wt% of proanthocyanidins) was purchased from Luna
Ervas (Caieiras, Brazil) with the batch number #HK20082601. Pierce™
Bradford Protein Assay Kit was purchased from Thermo Fisher Scientific
(Waltham, USA). 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
(HEPES) was purchased from ITW Reagents (UK). The other chemicals
and solvents were of analytical grade. Milli-Q water (18.2 MQ cm at
25 °C, Millipore Corp., Bedford, MA, USA) was used in all assays.

2.2. Methods

2.2.1. Preparation of biopolymer dispersions and conjugates dispersions
Conjugation of LP to GSE was carried out using a procedure
described by Francisco et al. (2023) with some modifications. In order to
evaluate the effect of LP concentration on the lubrication behaviour of
LP-GSE conjugates, LP at concentrations of 1, 3, 5, and 11 wt% were
mixed at a fixed concentration of GSE (0.12 wt%), resulting in LP:GSE
ratios of 1:0.12, 1:0.04, 1:0.02, 1:0.01 w/w, respectively. These corre-
spond to molar ratios of 1:42, 1:14, 1:8, and 1:4 mol/mol with consid-
eration of the molecular weight of globulins (Duranti et al., 2008) and
proanthocyanidins A as the main composition of LP and GSE, respec-
tively (National Center for Biotechnology Information, 2023). To obtain
LP dispersions at 1, 3, 5, and 11 wt%, LP was firstly dissolved at room
temperature in Milli-Q water at a pre-defined concentration (natural pH
of about 6.5 for 2 h). Then, the LP dispersions were centrifuged at 8000 g
for 10 min to remove any insoluble fractions. The final concentration of
LP (ie, 1, 3, 5, and 11 wt%) was verified using a Bradford Protein Assay
Kit. To promote the conjugation, the pH of the protein dispersion was
adjusted to pH 9.0 using 1.0 M NaOH, followed by the addition of GSE to
make up a 0.12 wt% GSE in LP dispersions and mixing for a duration of
4 h under atmospheric conditions. Following the conjugation, the pH of
the dispersions was adjusted to pH 7.0 (1.0 M HCI) for further analysis.
In order to evaluate the effects of the degree of conjugation on the

Sample nomenclature specifying the composition of the dispersions and degree of conjugation.
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Lupin protein (wt%)

Grape seed extract (wt%) Degree of conjugation (%)
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@ Family of samples in which lupin protein concentration was varied.
b Family of samples in which the degree of conjugation was varied.
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lubrication behaviour of LP-GSE, the conjugation was conducted at 4,
24, 48, and 168 h and a LP:GSE ratio of 1:0.04 w/w. Control samples
containing LP (1, 3, 5, and 11 wt%) were obtained by adjusting the pH to
pH 9.0 and mixing for a specific time to match the time of conjugate
production, and finally adjusting the pH to 7.0 before the measurements.
This procedure was adapted to minimize the effects of pH on the protein
structure when comparing LP to LP-GSE samples. Control samples of
GSE (0.12, 0.5, and 1 wt%) dispersed in MilliQ water were also pre-
pared. Sodium azide (0.02 wt%) was used as an antimicrobial agent for
all dispersions. Samples were named to represent the concentration of
LP and GSE and the degree of conjugation in the formulation determined
using O-phthalaldehyde (OPA assay, discussed later), as listed in
Table 1.

2.3. Characterization of LP-GSE conjugates

2.3.1. Degree of conjugation (DC)

The free amino groups of LP and LP-GSE conjugates were measured
via the OPA assay (Church et al., 1983) using a UV/Vis spectropho-
tometer (CE9500, Cecil Instruments Ltd, UK) and O-phthalaldehyde
reagent. Prior to the analysis, the dispersions were centrifuged (5000 g
for 5 min) (Heraeus Fresco 21, Thermo Scientific, USA) to remove the
insoluble fraction of GSE. The concentration of free amino groups was
determined, and the DC was calculated as described in Equation (1).

DC(%) _ CLupin - Cmnjugate X100

lupin

Eq. 1

where, Crypin and Cgonjugate correspond to the concentration of free
amino groups present in pure lupin protein and conjugate samples,
respectively (Soltanahmadi et al., 2023).

2.3.2. Collection of saliva

Unstimulated human saliva samples were collected no more than 72
h prior to each experiment. Participants were informed about the study
and asked to sign a consent form (Faculty Research Ethics Committee of
the University of Leeds (MEEC-19-028)). Male and female participants
(n =17) from 22 to 49 years old were asked to abstain from eating and
drinking (except water) for 2 h before the collection of saliva to reduce
the influence of the intake of foods and beverages. During saliva
collection (between 10 a.m. and 12 p.m.), participants were asked to
passively accumulate saliva in the mouth and then spit it into a clean
tube kept on ice during the collection time (15 min). Immediately after
collection, saliva samples from all the participants were pooled and
centrifuged (10 min at 4000 g). The supernatant was collected and
stored at 4 °C before use. It is expected that the lubricating properties of
human saliva are less sensitive to saliva treatment (e.g. centrifugation)
than its bulk viscoelastic properties (Bongaerts et al., 2007).

2.3.3. Preparation of saliva mixtures

For studying the interaction of GSE, LP, and LP-GSE with saliva, GSE
[0.12], LP[3], and LP[3]-GSE dispersions in HEPES (20 mM, pH 7) were
mixed with saliva in a sample: saliva ratio of 4:1 w/w for 5 min
immediately before measurements to simulate the dilution during oral
processing (Devezeaux de Lavergne et al., 2015). A solution with water:
saliva ratio of 4:1 w/w was used as the control sample.

2.3.4. Bulk rheological measurements

The apparent viscosity () of biopolymers, conjugates, and saliva
mixture samples was measured by a modular compact controlled-stress
rheometer (MCR- 302, Anton Paar, Austria using a double gap geometry
(DG27) at 37 °C to mimic physiological temperature. 5 values were
measured at shear rates (y) ranging from 107! to 102 s‘l, ramped
logarithmically to record five data points within each decade. At each 7,
a minimum 30 s window was set to achieve stress stability.
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2.4. Lubrication performance

A mini traction machine (MTM2, PCS instruments, UK) in a ball-on-
disk configuration was used to measure friction coefficients (1) as a
function of the entrainment speed (u). Tribological measurements were
conducted using polydimethylsiloxane (PDMS) specimens (ball 19 mm
and disc 46 mm in diameter) at 37 °C and a slide-to-roll ratio (SRR) of
0.5. A normal load of 2 N was used, equal to a maximum Herzian contact
pressure of ~200 kPa (Sarkar et al., 2019b) with speed ranging from
1073 to 3 m/s. To better reflect on the effect of interactions between
biopolymers and PDMS surfaces on their frictional behaviour, the u
curves were plotted against the reduced speed parameter, i.e., 17, X U.
The viscosity value at a shear rate of 10° s™! was selected as
considering the Newtonian behaviour of all dispersions (de Vicente
et al., 2005; Soltanahmadi et al., 2022).

For statistical analysis, ¢ values were taken from the boundary,
mixed, and hydrodynamic regimes. For the boundary regime, u was
taken where a plateau was observed at the region of u < 1072 m s~ (at
Nleo X U Tanging from about 3 to 8 x 10~° P-m, depending on the sample).
For the mixed regime, an arbitrary u value was taken at 5, x u of 5 x
107° Pa m to represent this regime, and for the elasto-hydrodynamic
regime, y was determined where the lowest value was observed. The
PDMS specimens were cleaned by sequential sonication steps in sodium
dodecyl sulfate (2 wt% in deionized water), isopropanol alcohol, and
deionized water for 10 min at each step between each measurement.

2.5. Quartz crystal microbalance with dissipation monitoring (QCM-D)

A QCM-D apparatus (E4 system, Q-Sense, Biolin Scientific, Sweden)
was used to measure the hydrated adsorbed mass of LP, GSE, LP-GSE
conjugate, saliva, and their combination, and to assess the viscoelastic
properties of the adsorbed films. PDMS-coated quartz sensors were used,
which were prepared by spin-coating silica sensors (QSX-303, Q-Sense,
Biolin Scientific, Sweden) with 0.5 wt% PDMS solution in toluene. The
spin coating was carried out at 5000 rpm for 60 s with an acceleration
rate of 2500 rpm/s before leaving overnight in a vacuum oven at 80 °C
(Zembyla et al., 2021). Prior to use, the PDMS-coated crystals were
cleaned by immersing them in toluene for 30 s, then 30 s in isopropanol,
and lastly in water for 5 min, followed by drying under nitrogen gas.

LP, GSE, and LP-GSE conjugate (LP[3]-GSE) samples were produced
and equilibrated (25 °C) in 20 mM HEPES buffer in a concentration of
0.1 mg/mL for measurements without saliva and 1 mg/mL for mea-
surements involving a pre-adsorbed salivary film. Saliva was diluted to a
final protein concentration of 0.1 mg/mL. The flow rate was controlled
using a peristaltic pump at 100 pL/min at 25 °C. The buffer solution was
initially injected to obtain a stable baseline reading. Then, the prepared
dispersions were injected until an equilibrium was reached, ie., no
change in frequency (f) or dissipation (D) signals. Finally, the buffer was
injected to remove loosely adsorbed layers. To calculate the hydrated
mass of the adsorbed films and their viscoelasticity (-AD/Af), the fre-
quency data were fitted to viscoelastic Voigt’s model (Voigt, 1889) using
the incorporated software (Smartfit Model by Dfind, Q-Sense, Biolin
Scientific, Sweden). The 3rd, 5th, 7th, and 9th overtones were consid-
ered for data analysis, and only the 5th overtone is shown in the results.
A minimum of three replicates were obtained for each sample.

2.6. Statistical analysis

All measurements were performed at least three times in triplicate
dispersions. Results were expressed as mean =+ standard deviation. The
data obtained were statistically assigned by one-way analysis of vari-
ance (ANOVA) and significance was confirmed through a Tukey test
(significance level of 5%). The software OriginPro 2018 was used for
statistical analysis and graph plotting.
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Fig. 1. Flow curves of (a;) grape seed extract (GSE) dispersions and (ay) lupin protein (LP) dispersions and friction curves normalized to the viscosity at a shear rate
of 103 s7! (1) for (b;) GSE dispersions, and (by) LP dispersions. The gray symbol is the curve for buffer. Error bars represent standard deviations (n = 3 x 3).

3. Results and discussion
3.1. Bulk rheological measurements

The flow curves for the dispersions of GSE (GSE[0.12], GSE[0.5], and
GSE[1]) and LP (LP[1], LP[3], LP[5], and LP[11]) are shown in Fig. 1a;
and ay. All the dispersions of GSE and LP showed a Newtonian behaviour
at shear rates below 10 s~!. The viscosity values remained almost
identical and close to that of water (~1 mPa s) (p < 0.05) as the con-
centration of GSE increased from 0.12 to 1 wt% (Fig. 1a;), suggesting a
lack of any measurable particle-particle interactions in GSE dispersions
within the experimentally tested concentrations. LP dispersions
(Fig. lay) demonstrated a concentration-dependent behaviour with a
slight increase in viscosity (0.8-3 mPa s) up to a concentration of 11 wt
%. Conjugates at different LP:GSE ratios showed similar viscosity values
to the respective LP dispersions at the same protein concentration (data
not shown). Likewise, the increase of DC did not change the viscosity of
LP[3]-GSE conjugates, with all samples showing similar viscosity values
(data not shown).

3.2. Lubrication performance

3.2.1. Lubrication behaviour of sole components

First, we characterized the tribological performance of the sole
components i.e., GSE and LP dispersions, to understand how friction
changes when they are conjugated. Fig. 1b; and by show the y - 7, x u
curves for the GSE and LP dispersions, respectively. Details on y values
for all the dispersions at boundary, mixed and hydrodynamic regimes,
and their statistical significance are shown in Table 2. GSE dispersions

showed p behaviour independent of concentration across all lubrication
regimes, with y standing at 1.2 in the boundary regime, similar to that of
buffer (Fig. 1by).

This suggests that GSE cannot form effective boundary tribofilms in
the absence of saliva. The onset of the mixed lubrication regime
occurred at lower 7, x u values compared to buffer, indicating a delayed
de-wetting effect of GSE or a tribofilm that could partially separate the
surfaces. Such difference in the boundary and mixed lubrication
behaviour implies a GSE-derived tribofilm that is not lubricious, though
it could help in separating contacting surfaces to a marginal extent (i.e.,
a physical barrier against direct contact of PDMS surfaces) in the mixed
regime (Sarkar et al., 2021; Soltanahmadi et al., 2022). The lubrication
performance of TA was analyzed as a control to verify whether the
lubrication of GSE resembles the behaviour of a purer phenolic com-
pound that is known to be astringent. As shown in Fig. S1 in the Sup-
plementary Information (SI), GSE and TA showed similar y values across
all the lubrication regimes (p < 0.05).

LP dispersions showed lower u values, compared to buffer, across the
lubrication regimes to extents similar to those previously reported
(Table 2b) (Kew et al., 2021). The decrease in the boundary u suggests
the formation of a lubricious tribofilm separating the contact surfaces
effectively and promoting a lower resistance to the relative motion of the
contact surfaces. Noteworthy, no difference was found for p values
(~0.7) at the boundary regime with the increase of LP concentration. On
the other hand, marginally higher y values were observed at higher
concentrations of LP in the mixed regime, which also appeared to delay
the onset of the mixed regime. The full reasoning for this observation is
not clear, though it might be associated with the topography of the
tribofilms at higher concentrations (e.g, patchier) or starvation of the
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Table 2

Friction coefficient (4) of grape seed extract (GSE) lupin protein (LP) and con-
jugates in different lubrication regimes. Lubrication behaviour of GSE in
different concentrations (a), lubrication behaviour of LP in different concen-
trations (b), influence of the LP concentration on the lubrication behaviour of
conjugates (c), and influence of the degree of conjugation (DC) on the lubrica-
tion behaviour of conjugates (d).

(a)
Sample Boundary Mixed lubrication Hydrodynamic
lubrication regime regime lubrication regime
Mean SD Mean SD Mean SD
GSE[0.12] 1.165*  0.053 0.552%  0.114 0.002% <0.001
GSE[0.5] 1.229*  0.042 0.424°  0.032 0.003% <0.001
GSE[1] 1.212°2 0.098 0.333% 0.064 0.003% <0.001
(b)
Sample  Boundary Mixed lubrication Hydrodynamic
lubrication regime regime lubrication regime
Mean SD Mean SD Mean SD
LP[1] 0.720  0.034 0.015" 0.011 0.002% <0.001
LP[3] 0.788%  0.044 0.065%°  0.007 0.003% <0.001
LP[5] 0.735*  0.055 0.087%*  0.053 0.003% <0.001
LP[11] 0.737*  0.058 0.1517% 0.057 0.003% <0.001
©
Sample Boundary Mixed lubrication Hydrodynamic
lubrication regime regime lubrication regime
Mean SD Mean SD Mean SD
LP[1]-GSE 0.772°  0.020 0.174*®  0.047 0.003% <0.001
LP[3]-GSE 0.767% 0.040 0.093¢ 0.022 0.003% <0.001
LP[5]-GSE 0.769%  0.051 0.113% 0.011 0.003% <0.001
LP[11]-GSE ~ 0.722°  0.110 0.192% 0.054 0.003% <0.001
@
Sample Boundary Mixed lubrication Hydrodynamic
lubrication regime regime lubrication regime
Mean SD Mean SD Mean SD
LP-GSEpc(2) 0.767°  0.040 0.093¢ 0.022 0.003* <0.001
LP-GSEpcrsy  0.818°  0.042 0.171>  0.010 0.003*  <0.001
LP-GSEpc[7) 0.978% 0.086 0.236% 0.034 0.003° <0.001
LP-GSEpci2) 0.750°  0.059 0.114¢ 0.012 0.003% <0.001

For (c) and (d) GSE concentration was kept constant at 0.12 wt% and for (d) LP
concentration was kept constant at 3 wt%. Different letters in each column
represent statistical differences with p < 0.05.
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contact interface (large deformation and narrow gap) caused by the
confinement of LP at the contact inlet (Cartwright et al., 2024). The LP
dispersions showed significantly lower y values as compared to the GSE
dispersions in the boundary and mixed regimes, indicating the prom-
ising lubricity of LP tribofilms.

The effect of viscosity was further investigated by plotting u curves as
a function of the theoretical minimum film thickness (hy,) (Sarkar
et al., 2019a; Sarkar et al., 2021; Soltanahmadi et al., 2023) (Fig. S2).
The values of the theoretical minimum film thickness (hpi,) at the
transition between the boundary and the mixed regime, and between the
elastohydrodynamic (EHL) and the hydrodynamic regime are also pre-
sented in Table S1. GSE curves (Fig. S2a and Table S1) showed no dif-
ference in p-hy,, despite the increase in concentration. In contrast, the
p-hmin for LP dispersions showed a similar concentration dependency to
that of the p - 7, x u curves (Fig. S2b and Table S1). The transition
between the boundary and mixed regimes appeared at hpi, values
ranging between 9 and 28 nm (comparable to or smaller than the
combined surface roughness of PDMS specimens), which were smaller
than that of GSE occurring at 30 nm (larger than the combined surface
roughness of PDMS specimens). The hyi, at which the transition be-
tween the EHL and hydrodynamic regimes appeared were ~0.9 and
~0.5 pm for GSE and LP dispersions, respectively (Table S1). Essentially,
the tribofilms from LP showed promising lubricity and enhanced the
wetting effect compared to GSE tribofilm (Sarkar et al., 2021; Shewan
et al., 2020; Soltanahmadi et al., 2023).

3.2.2. Lubrication behaviour of conjugates

GSE at 0.12 wt% was selected to produce conjugates of LP and GSE.
This concentration was selected based on the previous study of Sun et al.
(2013) involving the investigation of proanthocyanidins interactions
with human saliva.

Influence of LP:GSE ratio in the lubrication performance of conjugates. As
can be seen in Fig. 2a, the LP-GSE conjugate dispersions at LP:GSE ratios
of 1:0.12, 1:0.04, 1:0.02, 1:0.01 w/w overlapped. Conjugation of LP to
GSE reduced the y in the boundary (up to 34%) and mixed (up to 83%)
regimes compared to GSE alone, indicating the ability of LP conjugation
to improve the lubrication of GSE (p < 0.05, Table 2c).

The lowest LP:GSE ratio tested (LP[1]-GSE) showed marginally
higher y than LP[1] in the mixed lubrication regimes (p < 0.05, two-
sample t-test, data not shown), which can be attributed to the exclu-
sion effect of GSE conjugation on protein film formation or inferior lu-
bricity of conjugate tribofilms. This suggests a critical LP:GSE ratio is
required to achieve a lubricity degree in the order of the lubricity of
protein alone. With the increased LP:GSE ratio, LP[3]-GSE, LP[5]-GSE,

® GSE b ® GSE
a * LP[1]-GSE * LP-GSEpgy,
* LP[3]-GSE *  LP-GSEpcy
100+ : t‘;{ﬂfg& 100 LP-GSEpcp,
LP-GSEpcpy
107 4 10 4
S S
1024 102 4
1034 103 4
10+ T T r T ! 10 T r T : )
10°% 10°% 10+ 103 102 10°® 10 10 103 102
n.xu/Pam n.xu/Pam

Fig. 2. Friction curves normalized to the viscosity at a shear rate of 10%s7! (1) for LP-GSE conjugates showing the influence of (a) LP concentration and (b) degree
of conjugation (DC) keeping the concentration of LP constant. GSE concentration was kept constant at 0.12 wt%. The gray symbol is the curve for water. Error bars

represent standard deviations (n = 3 x 3).
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and LP[11]-GSE samples showed similar (p > 0.05) p values to the
respective LP-only (i.e., LP[3], LP[5], and LP[11], respectively) in the
boundary and EHL lubrication regimes with a slightly higher (p < 0.05)
u values in the mixed regime (Table 2c). It can be, therefore, inferred
that tribofilms formed by LP-GSE conjugates provide similar lubricity to
that of tribofilms from LP alone at the extreme solid-solid contact (i.e.,
boundary regime), and in the EHL regime dominated by the viscous
behaviour of LP. As mentioned above, the exclusion effect of GSE
conjugation on protein film formation appears to induce higher x in the
mixed regime.

Influence of reaction time and degree of conjugation (DC) in the lubri-
cation performance of conjugates. It is important to highlight that studies
on the effect of reaction time on covalent conjugation between proteins
and polysaccharides have already been performed, showing consider-
able time dependency (Chen et al., 2019; Dursun Capar and Yalcin,
2021; Gao et al., 2024). However, to the best of our knowledge, the
study of the evolution of covalent bond formation between protein and
phenolic compounds over time has not been studied so far. Most of the
studies available performed the alkaline reaction up to 24 h, considering
that the reaction has reached an equilibrium by that time (Liu et al.,
2016; Yan et al., 2020; Zhao et al., 2021), but studies confirming that
longer periods would not result in higher values of DC are not available
to date. Also, the influence of DC in protein-phenolic conjugates on
tribological performance remains unexplored. LP[3]-GSE was chosen to
study the influence of the reaction time on the lubrication performance
of the conjugates. LP at 3 wt% was selected as it was the concentration
just above the critical ratio required to achieve a lubricity degree
matching that of LP protein alone (Tables 2b and 2c).

Reaction times of 4, 24, 48, and 168 h resulted in samples with DC
values of 2, 6, 7, and 12%, respectively, accompanied by a change in
color (Fig. S3). The increase in DC resulted in no statistically significant
difference in y in the boundary, mixed, and hydrodynamic regimes (p >
0.05, Fig. 2b-Table 2d) except for LP-GSEpc[7;, which showed higher p
compared to other dispersions in Fig. 2b. Overall, a significant difference
in the lubrication performance of LP-GSE, as a result of DC, can be ruled
out within the DC obtained in this study.

® S
® GSE+S
A |P+S

100_ % LP-GSE+S

107" 4

X,

1024

1034

10-4 T ! T T 1

10 10° 10 103 102

n.xu/Pam

Fig. 3. Friction curves normalized to the viscosity at a shear rate of 10% s (57,
for saliva (S), and saliva mixed with grape seed extract (GSE + S) lupin protein
(LP + S) and lupin protein-grape seed extract conjugate (LP-GSE + S). GSE
concentration was kept constant at 0.12 wt% and LP concentration was kept
constant at 3 wt%. The gray symbol is the curve for buffer. Error bars represent
standard deviations (n = 3 x 3).
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Table 3

Friction coefficient (1) of grape seed extract (GSE) lupin protein (LP) and lupin
protein-grape seed extract conjugate (LP-GSE) mixed with human saliva (S) in
different lubrication regimes.

Sample Boundary lubrication regime Mixed lubrication regime
Mean SD Mean SD
Saliva 0.117¢ 0.025 0.016¢ 0.007

1.053° 0.038
0.766° 0.054
0.723° 0.066

GSE + Saliva
LP + Saliva
LP-GSE + Saliva

0.330° 0.028
0.138° 0.018
0.138° 0.038

GSE concentration was kept constant at 0.12 wt% and LP concentration was kept
constant at 3 wt%. Different letters in each column represent statistical differ-
ences with p < 0.05.

3.2.3. Interaction of sole components and LP-GSE conjugate with human
saliva

Fig. 3 shows the lubrication performance of the mixtures of human
saliva with LP (LP + S), GSE (GSE + S), and LP-GSE (LP-GSE + S). The
solution of human saliva (S) showed u values close to 0.1 in the
boundary regime, an order of magnitude lower compared to water and
similar to those previously reported (Table 3) (Sarkar et al., 2019a). GSE
+ S promoted a visible precipitate (Brandao et al., 2014; Sun et al.,
2013)), which reflected in a loss of lubricity of S with a 20-fold and
9-fold increase in y in the mixed (5 x 10> Pa m) and boundary regimes,
respectively (Table 3).

On the other hand, adding LP to saliva did not show the formation of
such visible aggregates. The y values in the mixed and boundary regimes
for LP 4+ S were similar to those of LP (and higher than those of S),
suggesting that LP dominated the lubrication behaviour in LP + S
mixtures. This can be attributed to a competition in surface adsorption
between salivary proteins and LP (discussed in the next section).

Similar to LP + S, LP-GSE + S showed no visible precipitation with
the y curves for LP + S and LP-GSE + S overlapping. These observations
confirm the role of conjugation in hindering undesirable interactions
between GSE and S. Addition of S did not appear to alter the dominant
influence of LP in driving the lubrication performance. Further, the u
values observed for LP + S and LP-GSE + S in the boundary (4 ~0.7) and
mixed (4 ~0.1) regimes were significantly lower (p < 0.05) than those
for GSE (4 in boundary ~1.0, and u in mixed ~0.3) - thanks to the
effective lubricity of LP or LP-GSE tribofilms. The promising effect of
conjugation requires validation through human sensory trials in future
works.

3.3. Surface adsorption measurements by QCM-D

QCM-D offers information on the surface adsorption of biopolymeric
dispersions, which can be exploited to explain tribological observations
(Akgonullu et al., 2023; Nimaming et al., 2023; Soltanahmadi et al.,
2022).

3.3.1. Adsorption of GSE, LP, and LP-GSE in the absence of saliva

The shift in dissipation (AD) and frequency (4Af) as a function of
measurement time obtained for GSE, LP, and LP-GSE conjugate are
shown in Fig. 4. Since the sample LP[3]-GSEpc[2] showed the lowest u
values (Table 2d), that formulation was selected as the LP-GSE conju-
gated system in QCM-D experiments. Buffer was used as a baseline,
followed by the addition of the dispersions, which in all cases promoted
a substantial reduction in frequency, indicating surface adsorption. In all
samples, the decrease in f was accompanied by an increase in dissipa-
tion, showing the building up of viscoelastic layers. The last step of
rinsing with the buffer promoted a slight increase in f in all samples
(Fig. 4), indicating the release of a small amount of loosely adsorbed
mass occurred irrespective of the samples tested.

In particular, GSE (Fig. 4a;) showed a significantly smaller Af
compared to LP (Fig. 4b;) and LP-GSE (Fig. 4¢;), indicating limited mass
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Fig. 4. Mean frequency (5th overtone shown) of grape seed extract (GSE) (a;), lupin protein (LP) (b;), and lupin protein-grape seed extract conjugate (LP-GSE) (c;)
and saliva (S) interacting with GSE (a;), LP (b,) and LP-GSE (c,) on PDMS-coated sensors, with B implying the HEPES buffer.

adsorption (Fig. 5aj). The inferior mass adsorption of GSE can be
attributed to its smaller molecular weight (proanthocyanidins)
compared to lupin protein fractions (Czochanska et al., 1980; Rumiyati
et al., 2012) and/or its limited affinity to hydrophobic PDMS surfaces.
Interestingly, GSE showed slightly higher mass adsorption than TA
(Fig. S4 and Fig. S5) (p < 0.05), unlike the identical tribological
behaviour (Fig. S1, p > 0.05). Of more importance, GSE showed a
smaller -AD/Af as compared to LP and LP-GSE (Fig. 5ap), indicating a
relatively more rigid nature of GSE adsorbed-film (indicates more rigid
films (Xu et al., 2020)), which could be due to differences in particle size
and particle-surface interactions.

LP showed fand D profiles (Fig. 4b;) similar to previous studies (Kew
et al.,, 2021; Liamas et al., 2023). LP-GSE (Fig. 4c;) showed a similar
hydrated mass (Fig. 5a;) but a higher -AD/Af (Fig. 5ay) as compared to
LP. The more viscous nature of the conjugate film can be attributed to a
reduction in protein-protein interactions induced by GSE, leading to a
less cohesive film (Francisco et al., 2023). Overall, the improved
adsorption of behaviour and film formation of LP and LP-GSE compared

to GSE corroborate the better lubrication performance of LP and LP-GSE
observed in the tribology section (Figs. 1 and 2).

3.3.2. Interactions between GSE, LP, and LP-GSE with human saliva

Fig. 4 shows the sequence of human saliva (S) deposition onto the
PDMS-coated sensors, followed by the adsorption of GSE, LP, or LP-GSE.
A fast change in Af exhibited the adsorption of S onto PDMS-coated
sensors, containing a significant amount of loosely attached molecules
removed following rising with buffer, leaving a viscous film (high AD).
The following injection of GSE (Fig. 4a3) caused a significant decrease in
Af, suggesting a clear interaction between GSE molecules and the
adsorbed saliva film. After rinsing with buffer, no alteration in Af was
recorded, indicating a nonreversible strong bonding between GSE and
proteins from saliva, which led to a hydrated adsorbed mass of about 13
mg m~2 (Fig. 5by).

In contrast, the injection of LP into the previously adsorbed saliva
film (Fig. 4by) promoted first a marginal decrease in Af followed by a
constant increase in Af even throughout the buffer rising, not reaching a
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significant difference (p < 0.05).

plateau during the study window. This result suggests that instead of
interacting with proteins in saliva, LP may have competed with salivary
film over surface adsorption to hydrophobic PDMS surface, depleting
previously adsorbed saliva proteins from the surface. This behaviour
may explain the governing influence of LP on the lubrication perfor-
mance over human saliva observed in the tribology study (Fig. 3).

Similarly, LP-GSE showed a small degree of interaction with the
saliva protein film (slight Af decrease followed by a continuous increase)
(Fig. 4cp) but, differently to LP, a plateau was reached after rising with
buffer, suggesting a less pronounced change into the film composition
over time, or competition over surface adsorption. Due to the lower
interaction of LP and LP-GSE with the proteins from saliva, a lower
degree of surface-adsorbed mass was recorded compared to GSE
(Fig. 5b;). These low interactions also explain the higher values of -AD/
Af verified for LP and LP-GSE in comparison to GSE (Fig. 5bs), sug-
gesting the formation of more viscous and looser films. These results
confirm the efficacy of conjugating LP to GSE on hindering its interac-
tion with human saliva, leading to limited lubrication loss.

4. Conclusions

The lubrication performance and surface adsorption of grape seed
extract, lupin protein, and their covalent conjugates in the absence and
presence of human saliva (ex vivo) were investigated to shed light on the
effects of formulation and covalent conjugation on astringency percep-
tion of phenolic compounds. Soft tribology and QCM-D results showed
that in the absence of saliva, grape seed extract performed as a poor

lubricator in the boundary lubrication regime due to the formation of a
fragile film that was easily depleted from the contact under shear. In
contrast, lupin protein reduced friction in all lubrication regimes, con-
firming its ability to reduce friction even at low concentrations. Both
tribological studies on the variation of lupin protein:grape seed extract
ratio and degree of conjugation demonstrated that the covalent conju-
gation between lupin protein and grape seed extract hinders the ability
of lupin moieties to reduce friction in the boundary regime. Still, by
tuning lupin protein:grape seed extract ratio and degree of conjugation
towards limiting conjugation to retain some degree of free lupin protein
molecules in the continuum, the conjugates can present similar lubri-
cation performance to that of pure lupin protein dispersions. In the
presence of saliva, GSE showed great interaction with salivary proteins,
leading to precipitation and loss of lubrication, which was confirmed by
the non-reversible bonding between GSE molecules and the saliva film
verified by QCM-D measurements. The covalent conjugation of LP to
GSE proved to be effective in attenuating GSE’s interaction with human
saliva, preventing salivary proteins from precipitating. However, LP
seemed to compete with proteins from human saliva on the lubrication
of surfaces, leading to inferior lubrication of LP and LP-GSE saliva
mixtures. Our results highlight the application of covalent conjugation
of phenolics with plant proteins as a useful strategy to address astrin-
gency, which needs validation via sensory trials.
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