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ABSTRACT

Xanthan gum and scleroglucan, two rod-like polysaccharide hydrocolloids, are compared using a wide range of
instrumental techniques and methods: steady shear flow, small amplitude oscillatory shear, first normal stress
difference, capillary break-up and soft-contact tribology. The aqueous solutions of these two hydrocolloids with
similar flow and viscoelastic profile show marked differences in capillary break-up time and apparent extensional
viscosity. This result correlates with differences in first normal stress difference and, to a lesser extent, Stribeck
curve behaviour. Formulating the hydrocolloids in concentrated sucrose solution (40 wt%) shifts relaxation
profiles to longer times which greatly diminishes differences in rheological and lubrication behaviour. With
exception of capillary break-up tests, no other methods showed statistically significant differences between the
polysaccharides dissolved in the viscosified matrix. The toolbox of techniques is also applied to probe in-
teractions of xanthan gum and scleroglucan with human whole saliva and bovine submaxillary mucin. We report
no specific interactions between either hydrocolloid and salivary proteins and suggest that any cumulative effects

must stem from specific sets of linear and non-linear rheological properties of saliva/hydrocolloid mixtures.

1. Introduction

Many food research and development tasks require making a choice
of an instrumental technique for characterising flow and lubrication
behaviour of food biopolymers and for exploring their interactions with
other ingredients or biological interfaces. Combining different instru-
mental techniques presents a powerful approach that enables capturing
different aspects of biopolymer behaviour at different length and time
scales (Krop et al., 2020; Stokes et al., 2013; Stribitcaia et al., 2020; Witt
& Stokes, 2015). In the context of food product development, however,
the combined approaches may present a number of practical challenges.
Complexity of experimental design, difficulty of execution and data
interpretation, as well as availability of instrumentation and consider-
able time investment may restrict wide adoption and impede practical
utilisation. To address this problem and provide a simple comparison of
instrumental techniques, we seek to examine the shear flow, viscoelastic
and lubrication behaviour of two very similar hydrocolloid thickeners:
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xanthan gum and scleroglucan. We expect that different techniques
would show selective sensitivity towards different facets of their visco-
elastic behaviour. Further, in extension to our previous work using
analytical ultracentrifugation (Li et al., 2020), we seek to utilise
rheology and tribology tools to examine the interaction of these two
hydrocolloids with salivary proteins.

The last decade saw significant progress in the development of
experimental techniques for characterising food biopolymers and their
behaviour during oral processing. Recent reviews by several research
teams highlight the historical progression of food characterisation
techniques (Boehm et al., 2019a, 2019b; Krop et al., 2019, 2020; Sarkar
& Krop, 2019; Shewan, Stokes, & Smyth, 2020; Stokes et al., 2013;
Stribitcaia et al., 2020; Witt & Stokes, 2015) from approaches deeply
rooted in flow profiling and rheological oscillatory techniques (small
and large amplitude oscillatory shear rheometry (SAOS/LAOS)(Hyun
et al., 2002; Stokes & Frith, 2008)) to advanced measurement capabil-
ities. The next generation methods include thin gap high shear
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rheometry (Davies & Stokes, 2008), nanorheology using atomic force
microscopy (Liamas et al., 2020; Vinogradova & Yakubov, 2006),
extensional rheology approaches such as capillary break-up (Choi et al.,
2014), as well as tribology and lubrication, with a particular focus on
soft-contact tribology as one of the most effective technique for
food-related applications (Pradal & Stokes, 2016; Sarkar et al., 2019a;
Shewan, Pradal, & Stokes, 2020; Stribitcaia et al., 2020).

Although the choice of technique(s) is dictated by the research
question(s), rheometer-based techniques are common go-to methods in
many food development tasks that require evaluation of flow properties
of thickeners and capturing the mouthfeel and texture properties of
liquid and semi-liquid foods. However, many applications require
evaluation of complex flow behaviours, as well as capturing the in-
teractions of product ingredients and microstructures with saliva. These
factors play a key role in determining oral processing of foods and have a
profound impact on product’s sensory attributes (Chen & Stokes, 2012;
Sarkar et al., 2021; Sarkar & Krop, 2019). In the case of consumers who
suffer from oropharyngeal dysphagia, saliva interactions with the
product and complex flow behaviours, e.g. a simple spoonable or
drinkable hydrocolloid formulation, need careful consideration in order
to obtain a safe-to-eat product (Manrique et al., 2014, 2016; Newman
et al., 2016). Two commonly employed formulation strategies for this
kind of products include the use of rod-like high molecular weight
thickeners such as xanthan gum, or weakly cross-linked systems such as
carrageenan in which mineral salts are added to induce gelation
(Newman et al., 2016; Qazi et al., 2017). The specific choice of a
thickener system is dictated by rheological attributes (spooning,
squeezing), texture properties and stability in different environmental
conditions (ambient/chilled) and properties of the food/beverage ma-
trix, i.e., pH, ionic strength, co-solutes.

Xanthan gum (XG) is a common choice in dysphagia formulations
due to its unique shear-thinning properties (Song, Kim, & Chang, 2006)
and low coil overlap concentration, c¢* (Rodrigues et al., 2020), (ca.
0.01-0.03 wt% depending on the grade and the method of c¢* determi-
nation). These properties stem from the rod-like conformation of XG
chains as well as its weakly associative nature. To achieve the thickening
effect, concentrations as low as 0.05 wt% XG may be sufficient to create
an entangled, self-associated solution. This alleviates problems common
in thickened foods such as diminished flavour and reduction in taste
intensity (Baines and Morris, 1988, 1989; Preininger, 2016). Scle-
roglucan (SG) is a relatively less explored hydrocolloid, which, despite
very different chemistry to XG, exhibits a markedly similar set of
properties in solution. Similar to XG, SG has a rigid rod-like conforma-
tion and is largely non-charged (neutral), whereas XG is negatively
charged. It is suggested that SG has a triple helix based structure
(Lecacheux et al., 1986; Yanaki & Norisuye, 1983) which can further
self-associate in a partially reversible way (Li et al., 2020). The shear
thinning behaviour of XG and SG is one of the key flow properties that
impacts oral processing. During bolus formation the force and shear
fields play a key role, with the ingested food experiencing a mix of shear
and elongational components of deformation (Stokes, 2012a). Further,
rheological properties impact the way the oral surfaces come into rub-
bing contact during mastication. It should be noted that during oral
processing of foods a rubbing contact forms at the interface between two
oral surface, e.g. between the tongue and the hard palate, as well as
between an oral surface, on one side, and the surface of a food particle or
the surface of a semi-solid bolus, on the other. Within the rubbing
contact, lubrication and friction become dominant properties, which can
be explored using soft-contact tribology techniques, which utilise sur-
faces fabricated using compliant materials such as elastomers (Chen &
Stokes, 2012; Stachowiak & Batchelor, 2013; Stokes, 2012b; Stokes
et al., 2013; Yakubov, 2014).

Saliva is another key factor in oral processing and swallowing
(Newman et al., 2016; Qazi et al., 2017). It has a marked and complex
effect on the rheological properties of the bolus, depending on the nature
of the food or beverage (Boehm et al., 2019b, 2020), as well as presence
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of starch which can be hydrolysed by salivary a-amylase during the oral
processing stage (Humphrey & Williamson, 2001; Joubert et al., 2017;
Pu et al., 2021). Enzymatic effects aside, saliva acts to hydrate solid
particles and improve comminution of solid foods, whilst for beverages
and thickened fluid-like formulations (e.g. yoghurts) it results in
biopolymer dilution due to mixing (Boehm et al., 2020). The analysis of
oral processing of beverages and soft solids is complicated by the fact
that saliva in itself is a rheologically complex fluid (Stokes & Davies,
2007b), and hence the ratio of saliva to hydrocolloid solution will have a
dramatic impact on the properties of mixtures (Yakubov et al., 2015).
For example, saliva’s bulk rheological properties are highly transient
and change quickly after expectoration (Stokes & Davies, 2007b), whilst
lubrication may display marked resilience towards processing condi-
tions (Boehm et al., 2020). Although mimicking saliva is very chal-
lenging (Yakubov, 2014), it is possible to utilise mucin solutions as a
proxy for probing fundamental mechanisms of hydrocolloid — mucin
interaction that can guide development of hypotheses to be subse-
quently tested ex/in vivo. Another reason for using model salivary pro-
teins is to circumvent inherent variability of saliva and mitigate the
impact of its degradation upon collection (Sarkar et al., 2019b).

In this paper, we report comparative investigation of rheological and
lubrication properties of two very similar rod-like polysaccharide
thickeners: xanthan gum and scleroglucan. We use four different tech-
niques: flow profiling using rotational rheometry (steady shear and first
normal stress tests), small amplitude oscillatory shear rheometry,
capillary break-up extensional rheometry and soft contact tribology.
Further, we investigate the interaction of the polysaccharides with
expectorated human whole saliva as well as a model mucin formulation,
based on bovine submaxillary mucin and a cocktail of salts mimicking
the ionic environment of human saliva (Sarkar & Krop, 2019). This is
done to capture possible interactions of the biopolymer thickeners that
may occur during oral processing which have important repercussions
for food functionality and its sensory attributes, such as texture. Our
results show that approaches based on a combination of techniques are
very powerful, however, for similar viscoelastic biomolecules the
capillary breakup extensional rheometry (CaBER) approach provides
the most sensitive measure of subtle differences in viscoelastic behav-
iour and we suggest that this technique can be used as an effective proxy
tool for evaluating viscoelastic properties of hydrocolloid solutions.

2. Materials and methods
2.1. Biopolymers and biopolymer solution preparation

Xanthan gum (Keltrol-T, CP Kelco, Surrey, UK) is used as received.
Scleroglucan (Carbosynth, Compton, UK) is purified by centrifugation
and dialysis. A 0.2% (w/v) turbid solution in water is centrifuged at
4850 g and 20 °C for 30 min. The supernatant is recovered by pouring
out and then dialyzed in water to remove low molecular weight com-
ponents. Then the dialyzed supernatant is freeze dried for 1 week in a
freeze dryer (sample/condenser temperature are 16 °C and —55 °C,
respectively) (Freeze Dryer Modulyo, Edwards, York, UK). The molec-
ular properties of both the XG and the SG have been previously evalu-
ated by a combination of sedimentation velocity and sedimentation
equilibrium analytical ultracentrifugation, size exclusion chromatog-
raphy coupled to multi-angle light scattering (SEC-MALS) and differ-
ential pressure viscometry and also capillary viscometry (Li et al., 2020).
We also reported the (weight average) molecular weight of the XG and
the SG as ~2880 kDa (Berth et al., 1996) and ~2800 kDa, respectively
(Li et al., 2020).

Both biopolymer solutions are prepared in double-distilled water
(18.2 MQ cm). Sodium azide (Sigma-Aldrich, Gillingham, UK) is added
as antimicrobial, 0.02% (w/v). To prepare the XG solution, sodium
chloride (Sigma-Aldrich, Gillingham, UK) is added to stabilise the heli-
cal structure of the XG molecule (Abbaszadeh et al., 2016). The 1%
(w/v) XG solution is prepared by slowly adding the appropriate amount
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of XG into an aqueous solution of 0.2% (w/v) sodium chloride while
mixing on a magnetic stirrer. Then, the solution is heated up to 80 °C,
and stirred continuously at this temperature for 1 h. Finally, the solution
is cooled down to room temperature (~20 °C) and left overnight before
use. To prepare 0.2% (w/v) and 0.5% (w/v) XG solutions, the 1.0%
(w/v) solution is diluted with the appropriate amount of aqueous so-
lution of 0.2% (w/v) sodium chloride and mixed on a magnetic stirrer at
20 °C for at least 2 h.

The 1% (w/v) SG solution is prepared by slowly adding the appro-
priate amount of purified freeze-dried material into double-distilled
water while mixing on a magnetic stirrer. To prepare more diluted SG
solutions (0.2% (w/v) and 0.5% (w/v)), the 1% (w/v) solution is diluted
with the appropriate amount of double-distilled water and mixed on a
magnetic stirrer at 20 °C for at least 2 h.

Hydrocolloid solutions in sucrose are prepared by dispersing the
appropriate amount of XG or SG in 40% (w/v) sucrose solution, slowly
heating up to 80 °C and holding for 3 h under stirring conditions to
obtain a fully dissolved material, as determined previously (Li et al.,
2020). The 40% (w/v) sucrose solution is chosen as a solvent due to its
higher viscosity compared to water while also showing Newtonian flow
behaviour.

For the tribological experiments with the use of pre-adsorbed sali-
vary films, 0.1% (w/v) biopolymer solutions (XG/SG) are prepared in
PBS (phosphate buffered saline) buffer (pH = 6.8, I = 0.056 mol/L). The
buffer is used to minimise changes of ionic environment upon contact
with saliva (Macakova et al., 2010, 2011).

2.2. Saliva collection

Mechanically stimulated human whole saliva (HWS) is collected
from one donor (female, 29 years old, non-smoking)(Carpenter et al.,
2019; Fan et al., 2021). As saliva properties vary (Jehmlich et al., 2013),
the saliva samples are always collected between 8.30 and 10.30 a.m.,
and the donor is requested to not eat or drink (with the exception of
water) for at least 2 h before saliva collection. The donor also brushed
their teeth after breakfast to remove as much food debris as possible.
Prior to saliva collection, the donor rinsed the mouth with bottled water
(Buxton natural mineral water) for at least 30 s to remove remaining
food debris. Then, a 10 min rest period is imposed to allow the oral
cavity to return to a neutral condition and to avoid dilution of donated
saliva with water. For saliva collection, the donor is asked to chew on a
small piece of laboratory film (Parafilm, Bermis Flexible Packaging,
Neenah, USA) and expectorate the in-mouth collected volume of saliva
every 30 s into a centrifuge tube. The total collection time is 6 min. The
expectorated saliva from the first 30 s is discarded as it may contain food
debris. During collection, saliva samples are kept on ice to minimise the
saliva degradation. Then, the saliva samples are centrifuged at 10,000 g
and 4 °C for 30 min, and the resulting supernatant collected. Immedi-
ately after supernatant collection, it is used to mix with the biopolymer
solutions for further experiment.

2.3. Preparation of saliva mimic solution based on bovine submaxillary
mucin

Saliva mimetic solution of bovine submaxillary mucin (BSM) (Sigma-
Aldrich, Gillingham, UK), hereafter denoted reconstituted saliva (RS), is
prepared using an aqueous solution of the composition detailed in
Table 1 following the protocol described in Sarkar et al. (2009). These
inorganic components and their concentrations are representative of
HWS. The BSM is dissolved into this solution at the concentration of 30
mg/mL. This has comparable steady shear viscosity to that of HWS (Gal
et al., 2001; Sarkar et al., 2009). A 0.12 mg/mL BSM solution is also
prepared because this is the average concentration of mucin in human
whole saliva (Kejriwal et al., 2014). However, addition of 0.12 mg/mL
BSM solution to XG or SG solutions resulted in no effect on the capillary
break-up behaviour (Table S1 and Table S2).
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Table 1
Inorganic components in reconstituted saliva (Sarkar et al., 2009).

Component Chemical formula Concentration (g/L)
Sodium chloride NaCl 1.594
Ammonium nitrate NH4NO3 0.328
Potassium phosphate KH,PO4 0.636
Potassium chloride KCl 0.202
Potassium citrate K3CeHs0,.H,0 0.308
Uric acid sodium salt CsH3N,4O3Na 0.021
Urea H;NCONH, 0.198
Lactic acid sodium salt C3HsO03Na 0.146

2.4. Biopolymer-saliva and reference mixture preparation

The centrifuged human whole saliva (HWS) supernatant and each
biopolymer solution are separately mixed at a weight ratio of 1:5. The
ratio was chosen based on the work by Choi et al. (2014), who consid-
ered the salivary flow rate with respect to the average volume of the
fluid serving, of 10 mL. The concentrations of XG and SG solution used
are both 0.5% (w/v). 0.5% of biopolymer solution is chosen for the
extensional rheological analysis as 0.5% is the concentration of XG
usually used in thickened food products (Choi et al., 2014). The mixing
process took place in an ice water bath. For each saliva and biopolymer
solution combination, six different stirring times are utilised in the
capillary break-up test (2 min, 5 min, 30 min, 60 min, 90 min and 120
min). The control and BSM samples are prepared under the same con-
dition, with the exception that the aliquot of saliva is replaced with
double-distilled water or BSM solutions, respectively.

2.5. Steady shear and oscillatory shear rheological analysis

All of the shear rheological measurements are carried out at 20 °C by
using a stress-controlled rheometer (MCR 301, Anton Paar, Graz,
Austria) fitted with a cone-and-plate geometry (50 mm diameter, 2°
cone angle). Each biopolymer solution is measured at least three times.
For the steady shear rheological measurement, the shear rate ranges
from 0.01 s~* to 1000 s~ and 10 logarithmically spaced data points are
collected per decade. For the amplitude strain sweep test, the angular
frequency is set at 1.59 Hz (10 rad/s) and the strain ranged from 0.01%
to 1000%. For the frequency sweep test, the angular frequency ranges
from 10 rad/s to 0.1 rad/s while the shear strain is set at 10%, which is
within the linear-viscoelastic domain as shown by the results of the
amplitude strain sweep tests.

2.6. Normal stress analysis

The normal stress measurements are also carried at a temperature of
20 °C using a stress-controlled rheometer (MCR 302, Anton Paar, Graz,
Austria), fitted with a parallel plate geometry (50 mm diameter, 50 pm
gap height) and applying gap error correction in accordance with pub-
lished protocol by Davies and Stokes (2005). Triplicate analyses are
carried out for each biopolymer solution. The first normal stress differ-
ence is measured in the shear rate range of 1000 s~ to 10000 s~* and
parallel plate correction to the raw data is applied in accordance with
the method described in Davies and Stokes (2008).

2.7. Filament break-up and data analysis

The extensional rheology tests are carried out at 20 °C using a
capillary break-up extensional rheometer (CaBER-1, Thermofisher
Haake, Karlsruhe, Germany). The operating principle of this method is
based on the formation of a capillary bridge upon rapid separation of
two cylindrical plates between which the test fluid is contained and
monitoring the dynamics of the fluid column thinning (Mckinley &
Sridhar, 2002). The thinning is followed by a laser micrometre at the
midpoint of the filament length. For all measurements, 790 pL of sample
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is placed between the fixed plate and the moving plate (diameter 6 mm).
The initial gap is set at 3 mm. The strike time for the measurement is set
at 20 ms and the final gap is set at 10 mm. Thus, the aspect ratio (AR =
gap height between top and bottom plates/plate diameter) at the
beginning of the test is 0.5 and at the end of the strike 1.67, corre-
sponding to a Hencky strain of 1.2. Each sample is measured for at least
10 repeats, with a fresh aliquot being loaded for each replicate. Short
values of the break-up time (<200 ms) render evaporation during ex-
periments negligible. Data analysis is performed using Haake CaBER
software.

The decay of the mid-point diameter (D) of a biopolymer solution has
two regions, an exponential region and a linear region. In the linear
region the impact of surface tension is much larger than the impact of
gravity force, because the Bond number (Bo) is much smaller than 1

(Bo = (i)z ~ 0.0016«1, where L is the characteristic length (L ~ D/
2-100 pm = 1074 m), lo ~ 2.5.107% m is the capillary length) (Stelter
et al., 2002, Mckinley, 2005). The biopolymer relaxation time (A) and
the steady state apparent extensional viscosity (1e) are determined by
fitting an initial exponential and a final linear region of the relationship
of the midpoint dimeter versus time using Equations (1) and (2),
respectively (Anna & Mckinley, 2001; Kheirandish et al., 2008; Stelter
et al., 2002).

D(t) =D, exp(—%) (€Y
O
= — aD(1)/di (3]

D is the diameter of the mid-point of the filament. Dy is the mid-point
diameter at time = 0. o, is the surface tension of the fluid. The surface
tensions of XG and SG is 63.7 mN/m and 60.1 mN/m respectively,
measured at 20 °C using a force tensiometer (Sigma 700, Biolin Scien-
tific, Manchester, UK). When mixed with HWS, the surface tension of the
XG-HWS mixture is 55.1 mN/m and that of the SG-HWS mixture 45.5
mN/m.

2.8. Stribeck tests

An MTM-2 mini traction machine is used to perform friction mea-
surements (MTM-2, PCS Instruments Ltd., UK). The rubbing contact
surfaces used here are a polydimethylsiloxane (PDMS) (SYLGARD® 184
Silicon Elastomer Kit, Dow Corning, MI) ball with the radius of 9.5 mm
(diameter 19 mm) and a PDMS disk with the radius of 23 mm and the
thickness of 4 mm. The Young’s modulus of this PDMS material is 2.4
MPa (Bongaerts, Fourtouni, & Stokes, 2007). All PDMS surfaces
involved in this research have a root mean square (r.m.s.) surface
roughness of <10 nm. In a typical MTM experiment, the ball and the disc
are driven independently at velocity vpa) and vgisk respectively, yielding
the entrainment speed U = (Vpanl + Vdisk)/2. The relative motion of the
moving ball and the disc determine the slide-to-roll ratio, SRR = [vpqy -
vaisk|/U. In all experiments, the SRR is set at 0.5 (50%). To prevent offset
errors, lateral force measurements are taken at each entrainment speed
when vpa)1 > Vdisk and Vpan < Vdisk, both rotating in the same direction, and
the average is taken. Further details on soft contact friction experiments
are also presented elsewhere (Bongaerts, Fourtouni, & Stokes, 2007;
Yakubov et al., 2009).

During the test, a load, L, is applied onto the ball and the normal
force is measured using a strain gauge installed on the leaf spring of the
MTM. In all experiments, L is set to 1 N. The lateral friction force, Fy, and
the normal load yield the friction coefficient, p = F¢/L. One way of
representing friction in different lubrication regimes is using a Stribeck
curve, in which the friction coefficient is plotted against the product of U
and the viscosity. For each entrainment speed, at a constant SRR, five
friction measurements are taken and averaged (Bongaerts, Fourtouni, &
Stokes, 2007). To test for hysteresis, each entrainment speed is tested
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twice in the same experiment; measurements are first taken from the
highest speed of 1000 mm/s, decreasing step-wise to the lowest speed of
1 mmy/s, after which the speed is increased again to 1000 mm/s. The
tests are carried out with an inset to reduce the sample volume to 17 mL
per run.

2.9. Friction measurement with the dynamic tribology protocol (DTP)

We also apply the Dynamic Tribology Protocol (DTP) in the MTM as
this allows to probe the interaction of a salivary film with hydrocolloid
solutions. DTP has been utilised before (Rossetti et al., 2009; Yakubov
et al., 2015) and has recently received a thorough development by Fan
etal. (Fan et al., 2021). During a typical DTP test, the friction coefficient
at constant speed is recorded as a function of time. The measurement is
started with saliva alone as a test fluid in order to pre-adsorb salivary
proteins onto the hydrophobic PDMS surfaces which acts as the oral
mimic (contact angle ca. 100°). At a specific time point, the hydrocolloid
solution is added to the MTM chamber, and the temporal response of
friction is recorded. Upon exposure of the salivary film to the hydro-
colloid solution, the interaction changes the properties of the surface
film resulting in changes in the friction coefficient. Typically, saliva is
characterised by a very low friction coefficient (p = 0.005-0.05) (Bon-
gaerts, Rossetti, & Stokes, 2007), and the competitive binding of the
hydrocolloid results in the loss of lubrication during the measurement.

The DTP curves of both biopolymers interacting with the pre-
adsorbed salivary/mucin film are recorded using MTM-2 at the con-
stant speed of 6 mm/s 0.1% (w/v) biopolymer solutions are used in these
tests. 400 pul HWS (or saliva-mimetic BSM solution) is transferred by
pipetting slowly on the disk in the first place to let the saliva form a thin
film. The friction coefficient is recorded to monitor the formation pro-
cess of the salivary film. Then 40 mL of 0.1% (w/v) XG or SG solutions
(PBS buffer as the solvent) are poured into the chamber and the DTP
temporal friction response is recorded with the rate of 1 reading/s. The
DTP measurements are carried out at 35 °C, mimicking the temperature
of the surfaces in the oral cavity.

3. Results and discussion

To illustrate our approach of using multiple techniques to probe and
compare complex flow properties, we find it useful to provide a simple
comparison of the rheological and lubrication data recorded using 0.5%
(w/v) solutions of XG and SG. Fig. 1 presents a side-by-side comparison
of the primary instrumental data (i.e., without further processing or
analysis) obtained using the steady shear rheological test, oscillation
tests, first normal stress difference test, capillary break-up test and
Stribeck curve test. XG and SG exhibit similar steady shear flow
behaviour and their viscoelastic responses within the linear viscoelastic
range are found to be comparable. A marked difference is observed for
the first normal stress difference. At shear rate 10* s7L, the SG solution
generates a two times larger normal force than that of XG. The filament
break-up time of SG is also found to be two times higher than that of XG.
Both normal force and filament break-up patterns indicate the effect of
polymer chain stretching in shear and elongational flow, respectively.
The friction coefficient of SG is found to be slightly higher than that of
XG, clearly observed at low entrainment speeds, indicating potential
differences in the behaviour of both hydrocolloids within a rubbing
contact formed by two hydrophobic PDMS surfaces. The lubrication
behaviour of SG at high entrainment speed (a transition from mixed to
elasto-hydrodynamic lubrication) is marked by inlet starvation, as
inferred from the shape of the Stribeck curve and the absence of a typical
lubrication minimum. This minimum is clearly seen in the Stribeck
curve for XG. This effect, we suggest, is associated with the observed
viscoelastic behaviour, which, effectively, renders SG solutions to
display a higher degree of rod climbing compared to XG, which disrupts
fluid entrainment into the rubbing contact.

Based on examining results shown in Fig. 1, we made an observation
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Fig. 1. Rheological and tribological data of 0.5% XG solution (red circles) and 0.5% SG solution (blue circles): (a) steady shear rheological tests (high shear section,
10°% to 10* s’l, is shown in the inset); (b) amplitude sweep test; (c) frequency sweep test recorded within the LVE range (oscillatory strain 10%); (d) first normal stress
difference test; (e) filament break-up time; (f) Stribeck curve recorded at 1N load using hydrophobic PDMS tribopair (water contact angle ca. 100°, Young’s modulus
ca. 2.4 MPa). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

that extensional flow tests provide an easy-to-access method for
discriminating differences in the viscoelastic behaviour between XG and
SG. Following this observation, we examine each rheological/lubrica-
tion test in more detail and provide analysis of flow behaviour and its
dependence on hydrocolloid concentration in order to shed light on the
underlying mechanisms of polysaccharide chain relaxation. We also
examine the effect of salivary proteins on the rheological and lubrication

behaviour, with the view of scrutinising different methods with respect
to their discriminating power.

3.1. Shear rheological analysis

The analysis of the rheological properties of XG and SG solutions at
different concentrations is performed above the critical polymer coil
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overlap concentration (c*) (Li et al., 2020; Cuvelier & Launay, 1986).
Fig. 2 displays the steady shear flow behaviour of XG and SG solutions in
the concentration range of 0.2%-1%. Both solutions have a comparable
shear-thinning behaviour, although the viscosity of the SG solution is
slightly higher than that of the XG solution at the low shear rate range of
0.01-1 s L. The viscosities of both solutions are moderately comparable
in the shear range of 1-1000 s~ *. This is in good agreement with data
reported by Lafforgue (Lafforgue et al., 2018). Some disagreement can
be pointed out with data reported for SG by Moresi et al. (2001),
reporting a 1% SG solution to be ~40 times more viscous than findings
reported here. We associate this discrepancy with the purification
method employed in this work (see Section 2.1), which results in
removal of poorly soluble components. With regards to XG, our findings
are in good agreement with many previous studies (see, for example,
Phillips and Williams (2009)).

Fig. 3a shows the results of the small amplitude oscillatory shear
tests. The viscoelastic moduli (amplitude sweep test) of the 0.2%, 0.5%
and 1% XG and SG solutions each is found to be comparable, with both
moduli increasing with concentration. Within the LVE range, the storage
moduli are higher than the loss moduli for all concentrations tested for
both, XG and SG solutions. At 0.2%, the damping factor (tan 6 = G”/G’)
of XG is higher than that of SG (Fig. 3b). With the increase of concen-
tration, the difference of tan 8 between XG and SG becomes smaller. At
the highest concentration (1%), the G” of both biopolymer solutions
displays an overshoot phenomenon at the cross-over point (also known
as the flow point), i.e., where G’ = G”. In accordance with Donley et al.
(2020), this phenomenon is the manifestation of the transition from
solid-like, viscoelastic dissipation to fluid-like, plastic flow at larger
amplitudes, whereby strain within the overshoot region is associated
with fluid-like (viscoplastic) deformation, as opposite to the LVE range
where strain is dominated by solid-like (viscoelastic) deformation. Due
to the universal nature of this yielding mechanism, our findings appear
to be consistent with previous research on hydrocolloid systems (Hyun
et al., 2002; Lafforgue et al., 2018; Ren et al., 2020; Song, Kuk, & Chang,
2006).

The frequency sweep test shows a typical viscoelastic behaviour with
both moduli increasing with concentration (Fig. 3c). The SG solutions
show higher storage and loss moduli compared to the XG solutions of the
same concentration. The 0.5% and 1% solutions exhibit elasticity
dominated (G’ > G”) viscoelastic behaviour within the frequency range
tested (0.1-10 rad/s). For the 0.2% XG and SG solutions, the cross-over
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Fig. 2. Shear rheological properties of XG (red symbols) and SG (blue symbols)
solution in water at 20 °C and varying concentrations: 0.2% (square), 0.5%
(circle) and 1% (triangle). The error bars are within the size of the symbol. (For
interpretation of the references to colour in this figure legend, the reader is
referred to the Web version of this article.)
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point is observed at 2 rad/s and 6 rad/s for XG and SG, respectively.
Accordingly, tan 6 of XG is somewhat higher than that of SG at the same
concentration, and the differences become bigger with increasing
angular frequency (Fig. 3d). Further, for both, XG and SG solutions, the
Cox-Merz plot (Cox & Merz, 1958) reveals that the complex viscosity is
slightly higher than the steady shear viscosity (Supplementary Fig. S1).
Lopes da Silva et al. (1993) suggested that this phenomenon can be
caused by high associations between molecules or the presence of an
entangled network (Augusto et al., 2013).

3.2. Normal stress analysis and extensional behaviour

To probe viscoelastic behaviour further, the normal stress difference
profiles are measured using narrow gap parallel plate rheometry (Davies
& Stokes, 2008). The normal stress (i.e., the component of the stress
tensor orthogonal to the shear plane) can be viewed as a measure of
polymer resistance to stretching in response to the shear force (Song,
Kim, & Chang, 2006), which in turn alters the streamlines of the flow
generating stress components in the direction perpendicular to the shear
plane. Fig. 4a shows the 1st normal stress difference data of 0.5% XG and
0.5% SG. For relatively dilute biopolymer solutions, the normal forces
are relatively weak. However, N; increases with the shear rate, enabling
detection at higher values of y. For experiments in water, as shown in
Fig. 4a, the practical range of shear rates with detectable normal force is
found between 10° to 10* s™1. SG shows higher N; values compared to
XG, and, consequently, SG is characterised by the higher values of the
1st normal stress coefficient ¥; (described in Eq. (3)) (Larson, 1999).

Ni=o0y — Oyy = ¥ 'j/z 3)

oy and oy, are the stress components in the direction parallel and
perpendicular to the direction of the rheometer’s plate, respectively. For
polymer solutions and melts and for conditions where y—0, ¥, is
proportional to the shear viscosity with coefficients depending on the
specific details of the model used, i.e., a model of a polymer solution or a
melt. The simplest expression takes the form (Larson, 1999):

¥10=2n,70=2(n—n,)7p “

np is the polymer component of viscosity, i.e., solution viscosity (n) is
represented as the superposition of the polymer component and the
solvent viscosity (ns), N = np+ns. Tp is the characteristic relaxation time,
typically taken as the longest relaxation time (Larson, 1999). For higher
shear rates (y >o0), the expression for ¥, ., is more complex, as it de-
pends on the finite extensibility of the polymer chains (e.g., finitely
extensible nonlinear elastic model, FENE). Although precise analysis
relies on computational solutions, for rod-like polymers the asymptotic
relation takes the following form (Stewart & Sorensen, 1972):

1
¥Yiw= 2’7,,‘1'07'4/3 ()

(toy

Using the expression for the viscosity of a polymer solution expressed

as a product of the modulus (Gp) and the characteristic relaxation time

(Doi & Edwards, 1986), M, = My, = Gp,Tp,, We obtain a simplified rela-

tion of these parameters to the 1st normal stress coefficient (Eq. (6)). In

the expression above, the superscript a denotes the apparent nature of

the quantities, reflecting the fact that the system is away from zero-shear
conditions.

V1,00 =2G,, 75, (6)

Tp, f’)%

In order to disentangle the contributions of G, and 7p, we use 40%
sucrose solution as a viscosified Newtonian solvent. Firstly, the shear
stress in a viscosified solvent is higher for a given value of y, which
makes the practical implementation of first normal force measurements
more robust, i.e., the values of the measured normal force are well above
instrument sensitivity. Secondly, under conditions of higher stress a
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Fig. 3. Oscillatory shear profiles of XG (red symbols)
and SG (blue symbols) solutions with the concentra-
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® 05%XG o 0.5%SG
A 1.0%XG 4 1.0%SG

tion of 0.2% (squares), 0.5% (circles) and 1% (tri-
angles) at 20 °C. Amplitude sweep test: storage
modulus (filled symbols) and loss modulus (open
symbols) (a), and damping factor (tand) (b). Fre-
quency sweep test: storage modulus (filled symbols)
and loss modulus (open symbols) (c), and damping

8 factor (tand) (d). (For interpretation of the references
to colour in this figure legend, the reader is referred

to the Web version of this article.)
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polymer molecule extends more giving rise to slower relaxation modes.

As expected (Zirnsak et al., 1999), the values of N; are higher than in
aqueous solutions of XG and SG, however, the difference between two
biopolymers reduces to below experimental error. These results suggest
that XG and SG have comparable G, and 7p, and therefore differences
observed in water are likely to be associated with the complex relaxation
spectrum and shorter relaxation modes of the polymer chain. If the latter
would be the factor, the difference in N; between XG and SG would
remain regardless of solvent viscosity or, equivalently, regardless of
characteristic elongation time. Further analysis of the dependency of N;
on y shows that for SG, the scaling exponent is very close to the theo-
retical prediction of 2/3 (for water and 40% sucrose solution), sug-
gesting short and long relaxation processes correspond to fundamentally
the same relaxation structure. By contrast, the scaling parameter for XG
in water is ~3/2, suggesting dilute-like behaviour (i.e., away from the

stretching limit of the polymer chain, N7 ~ 7%). In 40% sucrose solution,
it reduces to ~0.8, which comes somewhat nearer to the value of 2/3
predicted for the rigid rod structure in accordance with a dumbbell
FENE (or FENE-P) model (Bird et al., 1987; Doi & Edwards, 1986). The
observed differences in the viscoelastic response may point to the
structural differences of XG in water and 40% sucrose. It is possible to
propose a potential mechanism rooted in the weak self-association of
XG. In that scenario, XG single chains dominate the viscoelastic response
at short relaxation times, whilst the rod-like double-stranded assemblies
dominate the viscoelastic response at longer relaxation times. These
findings are consistent with the values of the power exponent for XG,
varying from 0.09 to 1.47, reported across different concentrations and
solvents (Escudier et al., 1999; Stokes et al., 2001; Wei et al., 2014;
Zirnsak et al., 1999).

Following the result from the normal stress analysis we examine the
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dependency of the decay of the normalized filament diameter of 0.5%
XG and SG solutions in water and 40% sucrose solution (Fig. 4b). The
results show that both, XG and SG solutions have two regimes, i.e., an
exponential regime and a linear regime. This is also validated by pre-
vious researchers (Stelter et al., 2002, Mckinley, 2005). The relaxation
time can be calculated from the exponential region of the filament
break-up curve using Eq. (1). If the solution’s surface tension is known,
the steady state extensional viscosity can be calculated from the linear
region of the filament break-up curve using Eq. (2).

Table 2 summarises the calculated values of the filament break-up
time, relaxation time, steady state extensional viscosity of XG/SG in
water/40% sucrose solution. Although the values of the filament break-
up time can vary with different final gap and different strike time set-
tings, our measurements of the filament break-up time of XG and SG
solutions are found to be consisted with several previous studies (see for
example (Turcanu et al., 2015; Sousa et al., 2011, Japper-Jaafar et al.,
2009)). The filament break-up time, the relaxation time, and the steady
state extensional viscosity of SG solutions in water are two times higher
than the corresponding values of the XG solutions. This result is
consistent with the lower values of the 1st normal stress difference of XG
as compared to the SG. In 40% sucrose solution, the difference between
the two hydrocolloids diminishes, which again is consistent with the
results of the normal force evaluations (Fig. 4). We also note that the
values of the extensional viscosity are similar, which is consistent with
the results from steady shear and SAOS analysis.

To summarise, the rheological data indicate that XG and SG have a
very similar hydrodynamic volume (Li et al., 2020), but their chain
dynamics appears rather different. Taking the normal force and exten-
sional data together, it is possible to suggest that faster relaxation modes
in XG may contribute to the faster filament breakup. In addition, the
stability of supra-molecular association can play a significant role. These
data are consistent with previous AUC results suggesting that SG as-
semblies may be more stable compared to those formed in solution by
XG (Li et al., 2020).

3.3. Concentration dependence of the stribeck behaviour of XG and SG

Based on the rheological characterisation, we establish that XG and
SG have comparable shear rheological behaviour and linear viscoelas-
ticity. However, they display different non-linear viscoelasticity. Here
we explore the tribological behaviour of XG and SG under different
concentrations by utilising a Stribeck curve formalism. A Stribeck curve
is one of the most effective ways to present the friction behaviour of a
thin fluid film under different conditions of fluid entrainment between
solid surfaces (Stachowiak & Batchelor, 2013). The Stribeck curve can
be generated by plotting the coefficient of friction on the y axis versus
the product of entrainment speed (U) and fluid viscosity (1) divided by
the load (L) applied on the upper surface, nU/L, on the x axis. The unit of
nU/L is m~". In this work, however, the load applied on the upper ball is
constant and set at 1 N; this allows us to simplify the Stribeck plot and
use reduced velocity, defined as nU (N/m), as the x axis (Fig. 5) (Selway

Table 2
Filament break-up time, relaxation time, steady state extensional viscosity of XG
and SG in water/40% sucrose solution.

Filament break- Relaxation Steady state apparent
up time (ms) time (ms) extensional viscosity
(Pa-s)
XG in water 59.0 11.1 28.9
XG in 40% 376.0 81.3 168.0
sucrose
solution
SG in water 167.0 27.7 52.3
SG in 40% 519.0 127.6 192.2
sucrose
solution
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et al., 2017).

In the most general case, a Stribeck curve has three regimes:
boundary regime, mixed regime and elasto-hydrodynamic regime (Chen
& Stokes, 2012; Stokes, 2012b; Yakubov, 2014). When the entrainment
speed is low, the asperities on the surfaces can lock and lead to high
values of the friction coefficient (boundary regime). When the entrain-
ment speed is high, the fluid film between surfaces can give the upper
surface a lift force, and the friction coefficient is the smallest. However,
with the increase of the entrainment speed, the drag force caused by the
surface movement increases faster than the lift force. The friction coef-
ficient will increase again, known as the elasto-hydrodynamic regime.
Between the boundary and elasto-hydrodynamic regimes, there is a
mixed regime, where fluid film becomes discontinuous and the pro-
portion of the PDMS-PDMS asperity contacts increases. The minimal
friction coefficient is at the turning point of the mixed regime and the
elasto-hydrodynamic regime (De Vicente, Spikes, & Stokes, 2006). Pa-
rameters such as the viscosity of the fluid, the mechanical and surface
properties of the rubbing solids, i.e., roughness and contact angle,
control the lubrication behaviour of fluid film (Bongaerts, Fourtouni, &
Stokes, 2007; Selway et al., 2017; Stokes, 2012b; Xu & Stokes, 2020).

Constructing a Stribeck curve for non-Newtonian fluids is more
complex, because the value of the product, #(y = f(U))-U, is affected by
the shear rate dependent viscosity of the fluid. In Fig. 5a and b respec-
tively, we present experimental results considering low shear (0.01 s~ 1)
viscosity, denoted 7997, and high shear (1000 sH viscosity, denoted
n1000- In Fig. 5b, the Stribeck curves for water are shown for the refer-
ence and to highlight the difference of boundary friction behaviour
between pure water and the hydrocolloid solutions. The viscosity data
can be found in Supplementary Table S5. Since the viscosity of XG and
SG is comparable at the same concentration (Fig. 2 and Supplementary
Table S5), the Stribeck curves of both biopolymer solutions formulated
at the same concentration appear in a similar position with respect to the
X axis.

The Stribeck behaviour of the XG solutions is in good agreement with
several previous publications (see for example (Chojnicka-Paszun & De
Jongh, 2014; Stokes et al., 2011, de Vicente et al., 2005)). The friction
behaviour of SG has previously been studied by Garrec and Norton
(2012), and our friction coefficient data compare well with their data. In
the boundary regime, the SG solution shows a higher friction coefficient
than the XG solution at all concentrations tested. The dependency of the
coefficient of friction on concentration is weak, suggesting that in the
range of concentrations tested we do not observe complex (e.g.,
multi-layer) adsorption of the polymer onto the PDMS surface. We also
note that for both solutions a nonparallel boundary region is observed,
which is caused by the unstable measurement on a smooth PDMS surface
at low entrainment speed (Selway et al., 2017; Xu & Stokes, 2020).

In the mixed regime and choosing low shear viscosity to scale the
Stribeck curves (Fig. 5a), the curves do not quite overlap with the ho-
rizonal shift decreasing with decreasing difference in the low shear
viscosity. When scaling with the high shear viscosity though, as can be
seen from Fig. 5b, most of the data in the mixed regime overlap. Since
the high shear viscosity can be assumed to be much more representative
of the viscosity in the gap between the friction partners, due to the
narrow gap and the magnitude of the entrainment speeds, the tribo-
logical data acquired on the XG and SG solutions suggest that the vis-
cosity is the dominant factor in this regime in the tribological contact
(Stokes, 2012b).

Within the range of entrainment speeds applied, the elasto-
hydrodynamic regime is only observed for the 1% solutions, both for
XG and SG, as the drag force on the upper surface from the fluid is
apparently not strong enough at the lower solution concentrations
applied.

The first normal stress difference tests showed that when XG and SG
are dissolved in 40% sucrose solution, they have comparable non-linear
viscoelasticity. It is, therefore, hypothesized that XG and SG in 40%
sucrose solution behave similar in tribological tests. Fig. 6 shows
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Fig. 6. Comparison of Stribeck curves of 0.5% XG (red symbols) and 0.5% SG solutions (blue symbols) in water (filled symbols) or in 40% sucrose (half-filled
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in this figure legend, the reader is referred to the Web version of this article.)

Stribeck curves, plotted equivalent to the curves in Fig. 5, for XG and SG
dissolved in water and in 40% sucrose solution (viscosity data are re-
ported in Supplementary Table S5). Thanks to the higher viscosity of
40% sucrose solution, the elasto-hydrodynamic regime is extended, and
the boundary regime is shortened, allowing probing the entire Stribeck
curve for both hydrocolloids. The friction coefficient of XG in the
boundary regime is found to be higher in 40% sucrose solution than in
water, suggesting that the presence of sucrose may affect XG interaction
with PDMS. By contrast, the friction coefficient of SG in the boundary
regime is essentially unaffected by the solvent.

In the mixed regime, the friction coefficient of SG and XG in 40%
sucrose solution and in water collapse onto a single curve, when 73990 is
used as the scaling factor. This result suggests that high-shear viscosity is
the dominant parameter in the mixed and elasto-hydrodynamic regimes,
which is consistent with previous results of N; and extensional rheo-
logical measurement. The Unjpgp values at the friction minimum can be
used to provide estimations of the thickness of the lubricating film in the
soft-elastohydrodynamic contact based on the approximate expressions
obtained by de Vicente, Stokes and Spikes (de Vicente et al., 2005). For
the solutions in 40% sucrose, we obtain the value for the minimum film
thickness of ~3 pm and the central thickness of ~5.8 um (the details of
the model are provided in the Supplementary Information).

3.4. Rheological analysis of mixing biopolymer solutions with HWS and
RS

In our previous work (Li et al., 2020), using analytical ultracentri-
fugation (AUC), we found no evidence for interactions between XG or SG
and bovine submaxillary mucin (BSM) dissolved in a saliva-mimicking
buffer (RS). This result may indicate that both polysaccharides are
inert with respect to BSM or else the binding constant is low. The latter

means that in the dilute system the equilibrium is pushed away from the
formation of complexes. In this work, we examine the mechanism of
complex formation (or absence thereof) using more concentrated
biopolymer solutions (10 times higher concentrations) which shifts the
equilibrium towards formation of complexes (Rodrigues et al., 2021).
We also take advantage of good solubility of XG and SG in viscosified
40% aqueous sucrose to probe interactions in the solvent system with
lower water activity (a, ~ 0.95). We hypothesise that use of 40% su-
crose may promote polysaccharide-protein or polysaccharide-mucin
interactions due to lower ‘availability’ of water molecules. In addition,
we analyse the behaviour of mixtures of XG and SG with human whole
saliva (HWS). Saliva is a multi-component biological fluid, which, in
addition to mucin, is comprised of several other classes of (glyco)pro-
teins (Yakubov et al., 2014). The interaction of non-mucin salivary
proteins with XG or SG may also affect saliva rheology and lubrication
and, hence, comparison between purified mucin and whole saliva pro-
vides a more detailed analysis of possible scenarios that may unravel
during the oral processing of XG/SG-containing foods. In these experi-
ments, we too use water and 40% sucrose as solvents to probe the effect
of small molecule weight solutes on biopolymer interactions.

Analysis of steady shear and small amplitude oscillatory shear pro-
files show no evidence that adding mucin or saliva to a biopolymer so-
lutions has any influence on flow properties or LVE behaviour in water
and 40% sucrose (Supplementary Figs. S2 and S3). This result appears to
be consistent with previous findings by Choi et al. (2014), suggesting
that the interaction between XG and SG with mucin or other salivary
proteins is very weak.

To boost measurement sensitivity, we employ the extensional CaBER
technique to probe the impact of RS (BSM) and HWS on the behaviour of
polysaccharides under conditions of large elongational strains. We
propose that under these conditions even weak interactions may



X. Lietal

influence the behaviour of polysaccharides in the extensional flow by
interfering with the mechanism of polymer chain relaxation. Fig. 7
shows the decay of the normalized filament diameter of 0.5% XG and SG
solutions and their mixtures with RS/HWS.

Table 3 summarises the results of the evaluation of the filament
break-up time, the relaxation time and the steady state extensional
viscosity of the biopolymer solutions (0.5%) mixed with water (control
samples), HWS or RS. For the mixing conditions, the stirring time of 5
min is used; this value is chosen to ensure that saliva deterioration has a
consistent impact on all samples.

Surprisingly, we find that mixtures or biopolymer solutions with
HWS or RS show a markedly longer break-up time compared to the pure
polysaccharide solutions. This results is particularly striking because the
estimated values of the extensional viscosity for the mixtures are lower
or identical to that of the pure polysaccharides (Table 3). This result is
also counterintuitive in another aspect: the absolute solid content of the
mixtures is actually higher due to the presence of additional bio-
polymers in the form of mucin and salivary proteins. Consequently, the
solutions would be expected to have a higher viscosity, whilst the
experimental results show the opposite. Given the values of extensional
viscosity for the mixtures are lower, the increase in the values of the
break-up time must be underpinned by the longer relaxation times. This
conclusion is supported by the analysis of the exponential region of the
filament break-up curve, results of which are shown in Table 3 and
summarised in Supplementary Tables S1 and S2. For XG, the presence of
RS or HWS results in an increase of the relaxation time by ~42% or
~28%, respectively. For SG, the increase is smaller and ~17-19% for
both, RS and HWS.

The extensional flow behaviour in the presence of RS or HWS is
scrutinised further by a) examining the same mixtures dissolved in 40%
sucrose and b) replacing the rod-like hydrocolloids with the coil-like
dextran. For the latter case, we build on the previous research by Choi
et al. (2014), who reported an increase of the filament break-up time of
carboxymethyl cellulose (CMC)-HWS mixtures. CMC has a much lower
molecular weight (ca. 200-300 kDa), making it harder to draw com-
parisons with XG or SG (Mw ca. 2800 kDa). Therefore, dextran (T2000,
Mw ca. 2000 kDa) is chosen for these experiments. To match the fila-
ment break-up time of XG, 20 wt% solution of T2000 dextran in water is
used.

Like aqueous counterparts, SG solutions in 40% sucrose show a
higher filament break-up time, relaxation time and steady state

’0310:

a - = XG control = SG control

~ - ® XG with HWS ® SG with HWS
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= 1
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Fig. 7. The normalized filament diameter of 0.5% XG (red symbols) and 0.5%
SG solution (blue symbols) mixed with water (squares), HWS (circles) or RS
(triangles) as a function of time with the mixing stirring time under 2 min at
20 °C (water as the solvent). (For interpretation of the references to colour in
this figure legend, the reader is referred to the Web version of this article.)
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Table 3

The filament break-up time, relaxation time and steady state extensional vis-
cosity of control, HWS samples and RS samples of XG and SG solutions in water.
Stirring time is 5 min.

Filament break- Relaxation time  Steady state apparent

up time (ms) (ms) extensional viscosity (Pa-s)

XG 60.4 + 1 11.1 £ 0.4 25.1+1.8
control

XG with 70.6 + 1.7 14 £ 0.5 19.7 £ 0.8
HWS

XG with 783+ 23 15.6 £ 0.1 24.0 £ 0.8
RS

SG 159.2 +£ 5.1 27 + 3.5 56.9 + 2.6
control

SG with 190.1 + 3.4 30.8 £ 1.2 50.2 +1.3
HWS

SG with 203.3+7 31.1+1.7 53.1 +2.5
RS

extensional viscosity compared to XG. When hydrocolloids are mixed
with HWS or RS, the filament break-up time is ~25% and ~13% larger
for SG and XG, respectively. Although the trend in 40% sucrose appears
to be reversed compared to water, the results show a high degree of
consistency between both solvents. The behavior of dextran solutions
echoes the results obtained for XG and SG (Table S4), with the increase
of the filament break time due to the presence of RS or HWS being much
larger. For RS the measured increase is ca. 65%, whilst for HWS it is ca.
90-95%. Some preliminary results using other proteins indicate that the
effect of the increase in capillary break-up time may be a generic
property of polysaccharide-protein systems under conditions of exten-
sional flow (Borah & Yakubov, 2021).

Although our findings require further examination and testing, we
can propose that weak interactions between salivary proteins and
polysaccharide hydrocolloids may occur during the extensional defor-
mation of polysaccharides. It is possible to hypothesise that in the
extended state, where conformation flexibility is restricted, the reduc-
tion in chain entropy may be compensated by the condensation of
salivary proteins (or mucins) onto the extended polysaccharide chain,
which delays chain retardation from the extended state back into a coil.
Addressing this hypothesis would require future research and probing
the detailed structure and molecular alignment during liquid bridge
formation. That said, the proposed hypothesis appears to be consistent
with the results obtained in 40% sucrose versus water, where XG chains
relax fast and salivary proteins elicit a stronger effect on the break-up
time. Conversely, in 40% sucrose the polysaccharide chains relax
slower and hence the ‘boost’ from salivary proteins is, comparatively,
smaller.

From a method development perspective, we also explore the effect
of stirring time on the filament break-up time, relaxation time and
steady state extensional viscosity. Fig. 8 summarises the results obtained
using 0.5% hydrocolloids mixed with water (control samples), HWS and
RS under different stirring time. The effects of time and saliva ‘aging’ are
well-documented (Punyadeera et al., 2010; Stokes & Davies, 2007a); it
is hypothesized that stirring time will reveal the effect of saliva pro-
teolytic degradation and its impact on extensional rheology of XG and
SG solutions (in water). It is anticipated that RS will show higher sta-
bility, thus offering additional flexibility and robustness of the analysis if
practical uses of these tests are in mind. The results show that changes
upon ‘aging’/stirring time are relatively small, which may indicate that
the saliva degradation effects are offset by the dilution effect, or else the
degradation occurs within first 2 min of mixing, with further mixing
time having little effect. Albeit the magnitude of the observed changes
being small, the results of the ANOVA tests summarised in Supplemen-
tary Table S3 clearly show that for the mixtures of XG/SG with HWS the
reduction in filament break-up time with the increase of stirring time is
systematic and statistically significant (P values < 0.05). As expected, RS
shows higher stability compared to HWS, and the observed changes with
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Fig. 8. Effect of stirring time on (a) filament break-up time, (b) relaxation time, and (c) steady state extensional viscosity of control (squares), HWS samples (circles)
and RS samples (triangles) of 0.5% XG (red symbols) and 0.5% SG solution (blue symbols). (For interpretation of the references to colour in this figure legend, the

reader is referred to the Web version of this article.)

stirring time are found to be within the experimental error. (The same
trends for HWS and RS, respectively, are observed for 20 wt% T2000
dextran solutions mixed with HWS, see Supplementary Table S4 for the
reference).

3.5. Tribological analysis of mixing biopolymer solutions with HWS or RS

In the absence of strong interactions between XG/SG and HWS/RS,
the tribological properties of the mixtures will be governed by the
relative propensity of biopolymers to adsorb onto the hydrophobic
PDMS surface. The competition between hydrocolloid and proteins will
determine the composition of the adsorbed layer, which, in turn, will
control the lubrication and friction behaviour of the mixtures. It is
envisaged that these insights will shed some light on the behaviour of
XG/SG-based formulations during oral processing. Although the use of
soft contact tribology technique cannot replicate full complexity of the
human mouth, it enables probing some fundamental interactions be-
tween rod-like hydrocolloids and salivary films. The data generated in
this work will be instrumental for uncovering possible mechanisms
underpinning functional properties and sensory attributes of XG/SG-
based dysphagia formulations. Together with rheological measure-
ments, soft-contact tribology provides a new set of tools for under-
standing complex processes such as such as oral lubrication, swallowing,
and texture.

In this work, we utilise two soft-contact tribology methodologies: a)
Stribeck curve analysis (De Vicente, Stokes, & Spikes, 2006) and a
simplified variant of the dynamic tribology protocol (DTP) (Fan et al.,
2021). The first method aims to explore lubrication behaviour of the
mixtures in the wide range of entrainment speeds, whilst the latter aims
to understand the ability of hydrocolloid to displace a pre-adsorbed
salivary film. The presence of the adsorbed salivary/mucin film on
PDMS is well-established, and it has been shown to be the leading

11

mechanism for the observed reduction in friction (Macakova et al.,
2010; Yakubov et al., 2009). It is expected that mucin will reduce fric-
tion to <0.2, and for saliva the coefficient of friction may be as low as
0.01 (Bongaerts, Rossetti, & Stokes, 2007) (the typical range is between
0.01 and 0.1 depending on the donor and collection method). The
presence of hydrocolloids is expected to interfere with the adsorption
process, leading to the changes in the coefficient of friction. We note,
that in Section 3.3 it has been established those pure hydrocolloids are
not as lubricious as saliva or mucin, and hence we expect that in the
presence of XG/SG the friction will increase. Although the direct mea-
surements of adsorption (e.g. using QCM-D and/or ellipsometry (Mac-
akova et al., 2011; Pradal et al., 2019; Rodrigues et al., 2021) have not
been employed in this work, the friction data led us to firm conclusions,
forming a strong basis for the future exploration.

3.5.1. Effect of addition of RS or HWS on stribeck behaviour

Fig. 9 shows the Stribeck curves of the polysaccharide solutions in
water and 40% sucrose mixed with HWS or RS. The Stribeck curves are
constructed using 71090 as the scaling factor (See Section 3.3 and Fig. 5).
The values of viscosity at 1000 s~! are provided in Supplementary
Table S5.

In the mixed and elasto-hydrodynamic regimes all Stribeck curves
overlap. This is due to the comparable values of shear viscosity and
similarity of the shear-thinning behaviour of XG and SG and their mix-
tures with HWS or RS. For solutions in 40% sucrose (Fig. 9b), it is
possible to surmise that the overlap in the elasto-hydrodynamic regime
is less precise compared to when n at 0.01 s ! is used as the scaling factor
(see Supplementary Fig. S5). Possible explanation of this discrepancy
could be associated with errors in determining the viscosity at 1000 s ™!
in sucrose solutions, where the stresses are higher compared with the
solutions in water.

In the boundary regime, the friction coefficients of the XG-HWS and
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Fig. 9. Stribeck curves of XG (red symbols) and SG
solution (blue symbols) mixed with water (squares),

W
=
40% sucrose solution Eff
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HWS (circles) or RS (triangles) at 20 °C: (a) water as
the continuous phase (filled symbols), (b) 40% su-
crose solution as the continuous phase (half-filled
e symbols). The Stribeck curves for water (filled stars)
and 40% sucrose (half-filled stars) are provided for
comparison. (For interpretation of the references to
colour in this figure legend, the reader is referred to
the Web version of this article.)
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XG-RS mixtures are lower than the controls, and this difference is more
apparent for XG-HWS than for XG-RS (Fig. 9a). On the contrary, HWS or
RS have little influence on the friction coefficient of the SG solutions in
the boundary regime. This result suggests that SG dominates the friction
response as evident from the comparison between Stribeck curves
recorded in SG solution and pure water (or 40% sucrose). The coefficient
of friction between PDMS surfaces in water (or 40% sucrose) is ca. 1.3
times higher (at U = 6 mm/s) than in SG solution, suggesting that SG
modulates PDMS surface and renders it more lubricious, albeit
marginally. This conclusion is also true for XG, but, under conditions of
this experiment, the propensity of XG to dominate the friction response
in the presence of salivary proteins is weaker. This points to the lower
adsorption strength of XG on PDMS surfaces (De Vicente, Stokes, &
Spikes, 2006; Stokes et al., 2011).

3.5.2. Eyaluation of XG and SG using the dynamic tribology protocol (DTP)

The analysis of the mixed solutions indicates that the hydrocolloids
dominate the friction response of the mixtures. This however does not
consider the effect of dilution on the formation of a HWS or RS film on
PDMS. Using the DTP, we first form an adsorbed layer of HWS or RS on
PDMS (Fan et al., 2021) and then we introduce the hydrocolloid solution
to monitor the modification of the pre-adsorbed film by XG or SG.

To perform this test, 400 pl HWS or RS are slowly transferred to the
disk rotating at low speed (6 mm/s) to form a thin layer of HWS or RS.
The friction coefficient data recorded during this time period correspond
to pure HWS or RS. In Fig. 10, these data are shown using filled symbols.
Throughout this stage, the friction coefficient of HWS and RS are com-
parable, both range from 0.03 to 0.12, which is comparable with data
reported previously (Bongaerts, Rossetti, & Stokes, 2007; Macakova
et al., 2010, 2011; Madsen et al., 2014).

In the second stage, 40 mL of XG or SG solutions are poured into the

01 : . ; ‘ .
1E-7 1E-6 1E-5 1E-4 0.001 001 0.1
Entrainment speed * 77,,,, (N/m)

chamber of the MTM machine, and the friction coefficients are recorded
(shown as open symbols in Fig. 10). In this test, the hydrocolloids are
dissolved in PBS buffer to ensure that the pH and ionic strength of HWS
or RS is not changed abruptly. It is found that the friction coefficients of
the hydrocolloid-HWS systems remains unchanged upon addition of
hydrocolloids, suggesting that HWS forms a stable film, lubricating
properties of which is not affected by hydrocolloids. For the
hydrocolloid-RS systems, the friction coefficient increases immediately
after addition of the hydrocolloid solutions. The SG-RS mixture has a
higher fiction coefficient than the XG-RS mixture, which is consistent
with the fact that pure SG has higher friction coefficient as compared to
XG (see Fig. 5 for reference).

A simplified analysis of the dependence of the friction coefficient on
time is performed using first order kinetics approximation. The use of
this simple model rests on the assumption that the friction coefficient is
proportional to the concentration of the material on the surface. It is
assumed that upon the addition of the hydrocolloid, it either displaces
mucin from the surfaces or it forms a complex at the interface, and said
complex has lower lubricity. The analysis using the first order kinetics
model is shown in Fig. 10b. We find that the effective binding constant of
hydrocolloids is somewhat higher for SG (k = 0.0103 =+ 0.0003) than for
XG (k = 0.0076 + 0.0003), which is consistent with our inference from
the analysis of the Stribeck curves that SG has stronger adsorption than
XG. It should be noted that both hydrocolloids do not exhibit a strong
lubricating effect, i.e., the friction coefficients are not too dissimilar to
those of pure water and at least an order of magnitude higher than for
HWS. Although such behaviour may be undesirable for hydrocolloids
used in dry mouth formulations, the water-like friction coefficient is
consistent with their functionality as texturizing agents.

When comparing the results of the hydrocolloid-RS with the
hydrocolloid-HWS systems, it is evident that the pre-adsorbed film

(a) (b) Fig. 10. Comparison of steady state values of the
coefficient of friction for XG and SG solutions
12 = Reconstituted saliva XG with RS 4 | model of XG with RS deposited on pre-adsorbed BSM and HWS surface
® Reconstituted saliva SG with RS ©  model of SG with RS films at 35 °C: (a) open symbols indicate the HWS or
= 101 4 Human whole saliva XG with HWS E::j{::: EI)S(S x::: Eg RS film (solely), the corresponding filled symbols
o ¢ Human whole saliva SG with HWS 34 indicate the friction coefficient after pouring
é:—) 0.8+ Addition of /—é "t biopolymer solutions, (b) The analysis of the depen-
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5 - S S < form to yield effective binding constants.
.g ’ Addition of ¢ ) 5 1
L HWS/RS i
0.2 T
0 0 T - VY T IQ;‘:' T ,‘7:‘\;‘:%’:‘/-;&‘;‘1,‘\2 — 1 O T T T T T |
300 400 500 600 700 800 900 1000 1100 0 50 100 150 200 250 300

Time (s)

Time - Time,yyion (S)



X. Lietal

formed by RS is different to that formed by HWS. This result is in good
agreement with several previous studies which established that mucin
cannot mimic the lubrication properties of saliva (see for example
(Kesimer & Sheehan, 2008; Raynal et al., 2002; Sarkar et al., 2019c;
Veeregowda et al., 2012; Yakubov et al., 2014; Yakubov et al., 2015).

The 1st order kinetic analysis indicates that SG has a higher binging
constant which is consistent with the Stribeck tests that show SG
lubrication is not affected by the presence of salivary proteins. At the
same time, SG’s ability to facilitate lubrication is weak. We suggest that
SG’s ability to adsorb to PDMS is governed by its neutral charge, which
facilitates hydrophobic interaction with PDMS. At the same time, the
absence of charges results in no electrostatic repulsion that keeps sur-
faces apart and prevents the formation of high friction asperity contacts.
By contrast, XG is negatively charged, which contributes to some dis-
joining pressure within the confined liquid film. However, weak
adsorption makes such barrier susceptible to shear and rubbing forces,
rendering XG to be an inefficient lubricant.

4. Concluding remarks

In this research, we demonstrate that SG and XG display comparable
shear rheological and linear viscoelastic behaviours. However, they
possess different non-linear viscoelasticity and tribological properties.
In order to probe the non-linear domain of the viscoelastic behaviour we
utilise the capillary break-up test and normal force difference mea-
surement. The break-up test appears to be markedly more sensitive, and
easier to execute.

Our findings suggest that XG and XG have a similar hydrodynamic
volume, but their mechanism of polymer chain relaxation is different.
We propose that XG features relaxation modes that in comparison with
SG are faster. This results in the lower values of the normal force and
shorter filament break-up times. We highlight the utility of using vis-
cosified solvent (such as 40% sucrose) as a tool to modify the relaxation
spectrum of polysaccharide hydrocolloids.

We also document that SG and XG have weak interaction with saliva,
and that SG has a stronger propensity to adsorb on hydrophobic surfaces
compared to XG.

In practice, these insights and the development of the methodolog-
ical toolbox provides new opportunities to select as well as ‘mix-and-
match’ different methods to probe complex flow and friction behaviour,
which has strong potential to facilitate the development of new and
improved food formulations wusing rod-like polysaccharide
hydrocolloids.
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