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Highlights

e Oral processing of hydrogels was influenced by introducing structural inhomogeneity
e Correlations existed between chewing attributes and gel fracture, boli rheology

e Friction coefficient {) corroborated Stribeck master curve only in mixed regime

e ‘Pasty was inversely correlated with p of bolus filtrate at orally relevant speed

e ‘Salivating’ correlated with initial fracture properties, boli rheology and tribology
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Abstract

The aim of this study was to understand the relationship between rheological, tribological and
sensory properties (n=11 panellists) of hydrogels differing in hydrocolloid type, concentration
and degree of inhomogeneity. Fracture properties of hydrogels containing different ratios of
carrageenarx(C) and/or locust bean gum (LBG), sodium alginate (NaA), 300/um calcium
alginate beads (CaA) at 1-4 wt% concentration were determined. Viscosity and friction
coefficients (u)of the hydrogel-boli after simulated oral processing were characterized.
Tribology measurements were conducted in a polydimethylsiloxane ball/disc set-up with pre-
adsorbed artificial salivg film at37 °C.’Scaling’ with boli viscosity showed good agreement

of observed data with the Stribeck master curve, however only in the mixed regime i.e. at
intermediate values of the product of velocity and lubricant viscosigy. Low pu values of

gel boli in the boundary regime were largely driven by the formation of a viscous layer of bolus
fragments between opposing surfaces. Fracture properties of hydrogels and boli viscosity were
correlated with all chewing-related texture attributes ifam’, ‘elastic’, ‘chewy’ and
‘cohesive’ and inversely correlated with lubrication-related attributeslting’ and ‘pasty’
(p<0.03. On the other hand, p of the bolus filtrate at orally relevant speeds (50 mm/s) was
inversely correlated with lubrication-related attributpasty and positively with ‘slippery’
(p<0.05) The lack of correlations withfsmooth’ could be explained due to sample
inhomogeneity and the absence‘dll-bearing’-ability of the gel beadshA combination of

initial fracture properties, boli viscosity and tribology of bolus filtrates (mixed regime)

impacted the lubrication-related attribugelivating’ (p<0.05).

Keywords

Oral processing; Sensory attributes; Text@@us viscosity Oral Tribology; Lubrication
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1. Introduction

Oral processing strategies, such as higher number of chews and longer oral residence time have
recently been linked to lower self-reported hunger and food intake in controlled experiments
(Krop, et al., 2018; Miguel-Kergoat, Azais-Braesco, Burton-Freeman, & Hetherington, 2015)
Hence, there has been a gradual increase in research efforts to understandr amdl alte
processing i.ein-mouth chewing and lubrication by means of microstructural engineering
(Laguna, Hetherington, Chen, Artigas, & Sarkar, 2016; Laguna & Sarkar, 2016).
Understanding the characteristics of oral processing (chewing, lubrication) has drawn
significant research attention with the focal point recently shifting from rheology to tribology.
This is largely due to the current consensus on the transformation during oral processing from
rheology (bulk property) to tribology (surface property of food-saliva bolus based lubricants)
(Chen & Stokes, 2012; Garrec & Norton, 2013; Laguna & Sarkar, 2017; Pradal & Stokes, 2016;
Prakash, Tan, & Chen, 2013; Sarkar, Kanti, Gulotta, Murray, & Zhang, 2017a; Stokes, Boehm,
& Baier, 2013; van Stee, de Hoog, & van de Velde, 2017).

An important aspect of oral processing of solid and semi-solid foods is the incorporation
of saliva to form a swallowable food bolus. Saliva is a complex biological fluid that consists
of mainly water (~99.5%), various enzymesamylase, lysozyme) and proteins, (~0.3%),
small organic compounds and inorganic salts (Sarkar, Goh, & Singh, 2009; Sarkar & Singh,
2012; Sarkar, Ye, & Singh, 2017b). The key protein component in human saliva is highly
glycosylated mucin, which mainly contributes to the lubrication and shear-thinning properties
of saliva (Schipper, Silletti, & Vingerhoeds, 2007; Vijay, Inui, Dodds, Proctor, & Carpenter,
2015). The incorporation of saliva over time within a single bite episode has a major effect on
the texture perception (Funami, Ishihara, Nakauma, Kohyama, & Nishinari, 2012; Hutchings
& Lillford, 1988). The in-mouth friction properties might change significantly due to the

interactions between food and salivary components, such as mucins and salts. However, few
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studies have used real human saliva, or artificial saliva formulation, within in vitro oral
processing experiments to understand its impact on the mechanical properties, such as viscosity
or friction coefficient, and correlated such data to sensory perception (Laguna, Farrell, Brya
Morina, & Sarkar, 2017a; Laguna, et al., 2017b; Morell, Chen, & Fiszman, 2017).

This study creates a unique body of evidence on the initial fracture properties of
hydrogels, viscosity and tribology of hydrogel boli created using simulated oral processing
(using artificial saliva formulation) and sensory profiling (descriptive analysishderstand
the relationship between mechanical and sensory properties. To investigate food oral
processingpiopolymeric ‘hydrogels’ have been the choice as model solids and semi-solid
foods in literature (Hayakawa, et al., 2014; Hori, et al., 2015; Kohyama, et al., 2015; Laguna,
et al., 2016; Laguna & Sarkar, 2016; Santagiuliana, Piqueras-Fiszman, van der Linden, Stieger,
& Scholten, 2018). This is because hydrogels ravelatively low level of complexity as
compared to most composite foods systems. They can be structurally manipulated in a
systematic manner, and exclude prior learning, emotional associations and expected
postprandial satisfaction (if any) during sensory testing

Recently, there has been an increase in research efforts directed towards designing
hydrogels with structural complexity for various applications (Laguna & Sarkar, 2016;
Santagiuliana, et al., 2018; Tang, Larsen, Ferguson, & James, BOL@)stance, Laguna &
Sarkar (2016) demonstrated that incorporation of calcium alginate gel beads23R08&n
size ink-carrageenan hydrogel matrix enabled to increase the oral restaleac®n the other
hand, Tang, et al. (2016) showed the impact of using textural heterogeneity with seeds as well
as layering arrangements within gelatin-agar hydrogels on increasing satiation. Temporal
perception of texture contrast was recently investigated by Santagiuliana, et al. (2018), where
authors employed layering approaches to generate mechanical contrastsrcagageengn

and gelatine hydrogels and suggested that a combined effect of mechanical and
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physicochemical properties influestthe dynamic perception of inhomogeneity over time.
Nevertheless, to our knowledge, creation of hydrogels with systematic manipulation of
structural complexity and understanding the impact of those manipulatiooisewing-’ and
‘lubrication-’ related texture attributes that are perceived during early and later stages of oral
processing, respectively, have not been investigated to date.

The aim of this study was to understand the relationship between rheological,
tribological and sensory properties (n=11 panellists) of hydrogels differing in hydrocolloid
type, concentration and degree of inhomogeneity. Our hypothesis was that initial fracture
properties of the hydrogels and apparent viscosities of the gel boli could be correlated with
chewing-related texture attributes, whereas tribological properties (i.e. friction coefficients in
boundary and mixed lubrication) of the gel boli could be correlated with lubricationerelate
texture attributes. A range of hydrogels usircarrageenan, locust bean gum (LBG), sodium
alginate and calcium alginate with different degrees of structural complexity and
inhomogeneity were employed to test this hypothesis.

k-Carrageenan forms a tight-knit molecular network that results in the formateon of
strong homogenous gel matrix. Since real food is not homogeneous, a degree of structural
complexity was achieved in the samples by manipulatiogrrageenan gels using LBG or
sodium alginate to form mixed gels. Incorporation of LBG can strengtharmrageenan’s
continuous network, promoting elastic properties and reducing syneresis. This synergistic
interaction is attributed to the ability of LBG to form stable cross-links witrageenan
(Stading & Hermansson, 1993). On the other hand, sodium alginate is known to interfere with
the incipient coilto-helix transition during the formation of tlkecarrageenan gel, and thus the
sodium alginate «-carrageenan mixture is expected to create a weaker mixed gel (Laguna &
Sarkar, 2016). To add another dimension to the structural complexity, a level of inhomogeneity

was introduced in the-carrageenan gels by inclusion of calcium alginate beads of different



124 particle sizes, where thetter behaved as “inactive filler particles” (Laguna & Sarkar, 2016)

125 Presence of calcium alginate beads would likely lead to a decrease of mechanical strength due
126 to interruption of the continuouscarrageenan network by these beads that acted as structural
127 defects. To our knowledge, this is the first study that attempts to examine the relationship
128 between rheology, tribology and sensory perception in hydrogels and findings from this study
129 should provide useful information for the design of novel foods with specifically tailored oral
130 texture and sensory properties.

131

132 2. Materials and methods

133 2.1. Materials

134 Food grade quality kappa-carrageenan, locust bean gum and sodium alginate were purchased
135 from Special Ingredients Ltd (Chesterfield, UK). Green food colouring was obtained from
136 AmeriColor (Placentia, USA) and American peppermint extract was purchased at a local
137 supermarket (Leeds, UK). Potassium chloride was purchased from Minerals Wter L
138 (Purfleet, UK) and calcium chloride from VWR International (Leuven, Belgium). Additionally,
139 sodium chloride, potassium phosphate, potassium citrate, uric acid sodium salt, urea, lactic acid
140 sodium salt, and porcine gastric Mucin Type Il were obtained from Sigma-Aldrich (St. Louis,
141 USA). All materials were used without further purification. Demineralised water was used in
142 preparation for all the gels and the artificial saliva formulation.

143

144 2.2. Preparation of the hydrogels

145 The composition of the hydrogels is showrmable 1 Visual images of the seven hydrogels

146 are shown irfSupplementay Figure 1. Typically 400 g of sample was prepared and poured

147 into petri-disheso a height of 2 cm (150 g gel per petri-dish), and then kept overnight at 4 °C.
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Cylindrical pieces of the hydrogels were cut out from the petri-dish using a circular cookie

cutter (diameter 25 mm, height 10 mm), and used as such for all measurements.

2.2.1. Kappa-carrageenan hydrogels

For preparation of kappa-carrageenan hydrogel®), (appropriate quantities ofC were
dispersed in a 0.2 M potassium chloride (KCI) solution and stirred for 30 min to ensure
maximum hydration. Then, the solution was heated up in a shaking water bath at 98 °C for 1
h. Thegdling solutions were allowed to cool down for 5 min, and finally the green colouring

and peppermint flavouring were added before being allowed to set in petri-dishes.

2.2.1. Kappacarrageenan/ LBG or kappa-carrageenan/sodium alginate hydrogels

The mixed hydrogels were prepared by mixing the appropriate quantities of powGeaad

LBG or sodium alginate (NaA) together before adding the respective powder mixtures to
distilled water and mixing for 30 min. Then, the solutions were heated up in a shaking water
bath at 98 °C for 1 h. The solutions were allowed to cool down for 5 min, and finally the green

colouring and peppermint flavouring were added before being allowed to set in petri-dishes.

2.2.2. Kappa-carrageenan/calcium alginate hydrogels

The calcium alginate (CaA) beads were prepared first and then added as a layerGn the
hydrogels (before the gels were allowed to set) to create a level of inhomogeneity within the
gels, based on a previous study (Laguna & Sarkar, 2016). The beads were prepareddgyy makin
a 1 wt% NaA solution in water, and stirring for 1 h to ensure complete hydration. Calcium
chloride (CaQl) solutions of 0.01 M and 0.05 M were prepared to make the30&nd 1000

um sized beads, respectively. The 1 wt% NaA solution was passed through a Buchi

Encapsulator B-390 (Buchi UK Ltd, Chadderton, UK) with a vibrating nozzle and then
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dropped into the appropriate CaGblutions while being stirred to create the CaA beads. A
vibrating nozzle of 30@m (frequency 500 Hz, air pressure 250 mbar) or 108@requency

700 Hz, air pressure 300 mbar) was used depending on the required bead size. The beads were
allowed to set in the Cagsolution at room temperature for 30 min under constant stirring.

The beads were subsequently washed thrice with distilled water and then air-dried. Meanwhile,
the kC solution was prepared by dissolving the appropriate amount in distilled water and
mixing for 30 min. Then, the solution was heated up in a shaking water bath at 98 °C for 1 h
and allowed to cool down for 5 min followed by adding the green colouring and peppermint
flavouring. The appropriate amount of CaA beads was weighed and added to the petri-dish and
thexC gels solution was poured, before allowing the gel to set similar to the preparation method

of the aforementioned hydrogels.

2.3. Texture analysis

Uniaxial single compression tests were carried out using a TA-TX2 Texture Analyzer (Stable
Micro Systems Ltd., Surrey, UK), attached with a 50 kg load cell. In the compression test, the
samples were compressed using a cylindrical probe (diametem39The tests were carried

out at 22 °C, at a constant speed of 2 mm/sec and the deformation level was set at 80 % strain.
At least three repeats were recorded for each gel on at least four different gel preparation days
The software Exponent (TEE32, v6.1.9.0, Stable Micro Systems Ltd., Surrey, UK) was used
to obtain the force-distance curves, and the fracture mechanics were calculated from these
curves. The fracture properties were determined at the maximum point of the stress-strain
curves. The fracture energy was determined as the area under the curve up to the@diatture
(Peleg, 1984). The initial slope of all samples was determined up to a stress of 500 Pa, as this

was considered within the viscoeladimit.
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2.4. Preparation of artificial saliva

Artificial saliva was prepared according to the method previously desdrp8drkar, et al.
(2009). Briefly, artificial saliva was composed of 0.16 g/L NaCl, 0.33 g/LNNbs, 0.64 g/L
K2HPQy, 0.2 g/ L KCI, 0.31 g/L KCsHs07.H20, 0.02 g/L GH3aN4OsNa, 0.2 g/L HNCONH;,

0.15 g/ L GHs0OsNa and 3 g/L mucin. The pH of the saliva solution was adjusted to pH 6.8
using 1 M NaOH. Noteworthy, porcine mucin was used in the artificial saliva to simulate the
human salivary viscosity at comparable concentrations present in human saliva. However,
bovine submaxilliary mucin could be a promising alternative considering its ability to form
more elastic films and its higher lubricating properties particularly in elastomeric tontac

surfaces (Madsen, et al., 2016).

2.5. Simulated oral processing

The hydrogels were broken down mechanically in the presence of artificial saliva to mimic oral
processing. The samples were put into a mechanical blender (Andrew James UK Ltd, Bowburn,
UK) with artificial saliva in a ratio 2:1 w/w and homogenized for 15 seconds at low speed
(speed 1). Depending on the hydrogel tested, the obtained particle size was < 2-5 mm. After
grinding, the gel was mixed with artificial saliva (final sample to saliva ratio 4.3 ana left

to rest for 30 min. It is worth highlighting that the amount of saliva incorporated in the food
bolus has varied across studies from as low as 8 wt% saliva in @kaulsion gels (Devezeaux

de Lavergne, van de Velde, van Boekel, & Stieger, 2015a) to 18 wt% artificial saliva
incorporation in vitro to create model hydrogel boli (Ishihara, Nakauma, Funami, Odake, &
Nishinari, 2011) to 50 wt% simulated saliva addition for food matrices in case of harmonized
INFOGEST static model (Minekus, et al., 2014). For our study, we used a ratio of 4:3 (w/w)
sample:saliva to have the same level of saliva incorporation across all samples to enable

comparison, though we highlight the limitation that during oral processing (in vivo), the amount
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of saliva added to the samples would not be the same across the different hydrogels with
varying degrees of complexity.

The broken down hydrogel:saliva mixture samples, from here on defirige &aslus
fragments’, were used for the rheological and tribological measurements. To understand the
thin-film properties, the tribological properties were also measured for the samples where any

large gel particles (> 500 pm) were filtered out, from lharéefined as ‘gel bolus filtrate’.

2.6. Apparent viscosity

The apparent viscosities of the gel fragments in presence of artificial saliva were
measured using a rheometer (Kinexus Ultra+, Malvern Instruments Ltd, Worcestershire, UK)
equipped with a plate-plate geometry (diameter 60 mm). The gap size (ranging from 0.01-0.15
mm) was individually adjusted for each gel, depending on their particle size once broken down.
To prevent evaporation, the samples were sealed off with a thin layer of silicone oil. Flow
curves were obtained for all gel samples after simulated oral processing at shear rates ranging
from 0.0001 to 100°5at 37 °C. A minimum of three measurements were performed for each
sample. Associated Ostwald de Waele power law (equation (1) was fitted to the viscosity of

each sample:

n=Ky"! (1)
wherey is the apparent viscosity, K is the consistency index (Pa s) and n is the behaviour index.
These parameters were utilised in the determination and validation of the corresponding

viscosities calculated by entrainment speeds and permitted friction coefficients to be plotted

against the entrainment speed and viscosity products as described in the tribology section.

10



247

248

249

250

251

252

253

254

255

256

257

258

259

260

261

262

263

264

265

266

267

268

269

270

271

It is noteworthy that detailed rheological characterization of the viscoelasticity of the Hgdroge

and the corresponding bolus fragmengswnot carried out in this study.

2.7. Oral tribology
The oral tribological properties of the gel bolus fragments and gel bolus filtrates were
determined using a bablr-disc set up in a Mini Traction Machine (MTM2, PCS Instruments,
London, UK). The gel bokisamples were prepared according to the method described above.
Commercially available polydimethylsiloxane (PDMS) ball (diameter of 19 mm, MTM ball
Slygard 184, 50 Duro, PCS Instruments, London, UK) and disc (diameter of 46 mm, thickness
of 4 mm, MTM disc Slygard 184, 50 Duro, PCS Instruments, London, UK) were used for the
measurements (surface roughness of PDMS tribopai¥ss B0 nm). The PDMS surface
contacts were kept a minimum of 2 h submerged in artificial saliva to create a mucin film with
the intent to simulate the oral conditions. The sample was loaded into the pot equipped with
the PDMS disc; the ball was lowered onto the disc and then the pot was covered with a lid. The
PDMS ball and disc were rotated at different speeds to create a relative motion between the
surface of the ball and the disc, resulting in a diedesll ratio (SRR) of 50%, to impart both
rolling and sliding motions (Sarkar, et al., 2017a) and the temperature was maintained at 37
°C, simulating oral conditions.

Two parameters have been used for both the ball speed and the disc speed: one with
Vball > Vdiscand one with Wai < Vdise, While keeping the SRR constant. The entrainment speed
was calculated as the average of the two measures to remove any offset errors in the lateral
force measurement, as well to remove any friction that did not reverse sign when the speeds
were reversed, such as rolling friction (Bongaerts, Fourtouni, & Stokes, 2007a). Thus, the

entrainment speed was defined as:

11
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274 where U is the entrainment speed andibd U are the velocities of the two contacting

275 surfaces (i.e. ball and disc). The rolling speed was reduced from 1000 to 1 mm/s and friction
276 forces were measured to obtain a Stribeck curve. All tests were performed at a load of 2 N, as
277 thisisagood representative value of loads occurring in the mouth while maintaining sensitivity
278 inthe tribometer. Average and standard deviation were calculated from three measurements on
279 replicate samples. Following the studies by de Vicente, StokesSpikes (2005) and Bongaerts, et
280 al. (2007a), we utilizethe Stribeck ‘master curve’ (equation 3) to enable comparison of sample

281 friction coefficientu against the product of entrainment velocity U and sample visapsity

282

283 Utotar = MenL + (%) 3)
284

285 where

286

287  ugy, = k(Un)" (4)
288

289 and

290

291 u, = h(Un)* ©))
292

293 where, (kn) and (hl) are the elastohydrodynamic lubrication (EHL) and boundary layer power
294 law coefficient and index respectively. Here, B relates to the threshold vdlydafboundary

295 friction and m represents the mixed regime exponent. It is worth pointing out that the flow

12
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curves (in the above section) were only determined for gel fragments to relate to thegesly sta

of oral processing where bulk properties tend to dominate. However, friction coefficients were
determined for both bolus fragments and filtrates, latter resemble the thin layer formed between
the contact surfaces (e.g. tongue and palate) in later stages of oral processing, where surface

properties dominate (Chen & Stokes, 2012; Laguna & Sarkar, 2017; Stokes, et al., 2013).

2.8. Descriptive sensory analysis

A panel was recruited from the University of Leeds to participate in a descriptive sensory
analysis. The panel was selected and familiarized with the hydrogel samples followed by
generation of attributes and introduction to the used rating scale. The study was reviewed and
approved by the Faculty Research Ethics Committee at the University of Leeds (ethics
reference MEEC 16-006). A group of 11 participants (4 male, me8D) age= 28.8 (+ 5.5)

years, range 21-40 years) was trained to familiarize them with the different hydrogel samples
and to create a list of relevant attributes related to the chewing as well as the lubricatitsn aspe
of the gels.

Three training sessions of 1 h each were conducted with the seven hydrogel samples.
During the first training session, the hydrogels were tasted to familiarise the participants with
the type of samples, and participants were encouraged to come up with terms to describe the
different texture aspects of the different gels. Subsequently, an extensive list of potential
attributes related to both the chewing and lubrication aspects was introduced to the participants
and their applicability and definitions were discussed in the group. During the second session,
the list of attributes generated during the first training session was further specified to describe
the difference between the textural aspects of the gels as best as possible and to reach a

consensus within the panel. Finally, in the last training session the rating scales were introduced

13
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and a group discussion resolved how to use the scales for the different attributes in the included
samples and the best order in which to rate these attributes.

After completion of the training, the samples were evaluated in individual sensory test
booths under normal lighting conditions, with the samples presented in randomised order in
triplicate in a balanced block design divided over two test days (with 11 samples rated on day
one and 10 samples on day two). All samples were prepared 24 h prior to the sensory
assessment, presented in individual cups labelled with a three-digit code, and moved to room
temperature 20 min before the start of the test. A practice sample was provided on each test
day to get a sense of the samples before the start of the test due to the novelty of these hydrogels.
As determined by the training sessions, nine different texture attributes were rated for each
sample in a fixed order (sdable 2).

The intensities of the different attributes were rated onto an unstructured line scale of 100
mm, as presented with the software CompuSense (v5.0, Qrifanada), anchored from ‘not
at all (0)to ‘very’ (100). All panellists followed the same tasting procedure, putting the sample
as a whole in the mouth. It was optional for the panellists to choose whether to swallow the
sample at the end or spit it out in provided cups. Between each sample, panellists were
instructed to rinse themouth with water and eat a cracker to cleanse ffaate. Data was
extracted from the software and exported to SPSS fIBHSS Statistics, v24, SPSS Inc,

Chicago, USA) for analysis.

2.9. Statistical analysis

Mean values and standard deviations (SD) were calculated using Excel (Microsoft Office
2010). For each sample, sensory attribute and assessor in the sensory analysis, the panel
performance was checked to make sure there were no clear outliers or obvious errors using the

software PanelCheck (v1.4.2). The panel performance was assessed and panel agreement,

14
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discrimination and repeatability among assessors was considered to be acceptable according to
the Tucker-1, F- and MSE-plots, respectively (Tomic, et al., 2010), and thus, no data was
removed.

In addition, Principal Component Analysis (PCA) was conducted on the nine sensory
attributes with orthogonal rotation (Direct Oblimin). The Kaiser-Meyer-Olkin measure verified
the sampling adequacy for the analysis: KMO = 0.788, which is well above the acceptable limit
of 0.5 (Field, 2017)Bartlett’s test of sphericity ¥* (36) = 1197.985, p < .001, indicated that
correlations between items were sufficiently large for PCA. An initial analysis was run to
obtain eigenvalues for each component in the data. Two components had Eigenvalues over
Kaiser’s criterion of 1 and in combination explained 64.1% of the variance, and thus were
retained in the final analysis.

In order to study the differences in samples for all selected attributes, analysis of variance (one-
way ANOVA) was applied to the ratings data from the sensory panel with the samples as fixed
factor; least significant differences were calculated by Bonfesrpnit-hoc test. Similarly,
differences between samples for the mechanical analyses (uniaxial compression test of
hydrogels, flow curves of bolus fragments, friction coefficients of gel bolus fragments and
filtrates) were determined with one-way ANOVA and Bonferroni post-hoc testing. Pearson's
product moment correlations were calculated to assess the simple relationships between the
different instrumental and sensory characteristics of the hydrogels. All statistical analyses were
performed in SPSS (IBRMSPSS Statistics, v24, SPSS Inc, Chicago, USA), and statistical

significance level was set at p < 0.05.
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3. Results and discussion
3.1. Mechanical characterisation of hydrogels and simulated boli
3.1.1. Texture analysis of the hydrogels

The fracture stress and strain of the seven hydsagekshown ifrigure 1. The samples
can be categorized into three groups: 1) high fracture stress/high fracture strain, 2) intermediate
fracture stress/fracture strain, and 3) low fracture stress/low fracture strain. Group 1 included
the twoxC samples (2 wt% and 3 wt%) and #&'LBG sample, averaging a fracture stress of
190 kPa and a fracture strain of 1.17. Group 2 included the samples containing the CaA beads,
with an average fracture stress and fracture strain of 71 kPa and 0.93, respectively, where the
particle size of CaA beads (300 or 1000 um) did not show any significant contribution to the
fracture mechanics at equivalent biopolymer concentration (p > 0.05). Group 3 consisted of
thexC/NaA hydrogels with an average fracture stress of 27 kPa and a fracture strain of 0.70.
The high and low fracture stress samples varied by a factor 7 and the samples in the low and
high fracture strain groups varied by a factor 1.8. The fracture energy of the hydrogels, shown
in Supplementary Table 1 also indicate that the samples were categorized in similar groups
as inFigure 1. Based on these groupindgsgure 2 showsa schematic representation of the
structures of these hydrogels.

As expected, the fracture stress followed a power law increase with increased
concentration ofC in nativexC hydrogels Figure 1), allowing the formation of a three-
dimensional network structure (as shown schematicallyFigure 2) induced by the
supramolecular aggregation of the double helices (Laguna & Sarkar, 2016). Interestingly, the
fracture stress of the 2.260.75LBG hydrogel was significantly lower than that aC3
hydrogel at equivalent total biopolymer concentration (p < 0.05). This is not in line with
previous findings, where it has been reported that LBG has the ability to strength&h the

network by forming multiple junction zones between LBG un-substituted mannan backbones
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andkC helices (Dea & Morrison, 1975; Devezeaux de Lavergne, Strijbosch, Van den Broek,
Van de Velde, & Stieger, 2016; Dunstan, et al., 2001). A possible explanation for this could be
the difference in total biopolymer concentrations and the ratio betw@emd LBG used in
this study versus previous reports. Interestingly, Czaczyk, OlejnikTrojanowska (1999) also
observed similar weakening effect of LBG 8 hydrogels at 2-3 wt% total biopolymer
concentration in a ratio afC: LBG of 2:1 w/w i.e. similar to the range used in this study.
Unsurprisingly, the presence of NaA @C®.5NaA hydrogel) resulted in significant
weakening of thaC gel (Figure 1), which might be attributed to the segregative interaction
between NaA andC, disrupting the coite-helix transition during«C hydrogel formation
(Figure 2), finally leading to a phase separat€iNaA hydrogel (Goh, Sarkar, & Singh, 2008,
2014; Laguna & Sarkar, 2016). On the other hand, the presence of CaA be&t8.2Ca Ao,
1.6¢C0.2CaAo00 contributed to considerable reinforcement of tkehydrogel as compared
to that of the presence of NaA (&@0.5NaA). Introducing defects due to the presence of these
CaA beadsas “inactive filler particles”, resulted in a less defined networkKigure 2) with less
fracture stress as compared to that of a naitvénydrogel Figure 1). Based on the texture
analysis results, it can be concluded that the chosen hydrogel types covered a widé range o
deformation behaviour, which can be hypothesized to have different sensory properties,

particularly in terms of chewing-related attributes.

3.1.2. Apparent viscosity of the hydrogel bolus

Figure 3 shows the apparent viscosity) Of the bolus particles derived from simulated oral
processing of the hydrogels in the presence of artificial saliva at 37 °C. All bolus fragments in
presence of artificial saliva showed extreme shear thinning behaviour, with slight indications

of plateau values being reached only at low shear rate limitd 1) Such pseudoplastic
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behaviour is in agreement with that of protein-based microgels, where latter showed similar
ranges of; values as a function of volume fraction and shear rate (Sarkar, et al., 2017a).

In addition, high values of persisted in boli of bothC hydrogels and mixed hydrogels
even after subjection to fairly high i.e. orally relevant shear of 5®\s expected, due to the
aforementioned segregative interaction betwe€nand NaA, the bolus of 1k60.5NaA
hydrogels were one to two orders of magnitude lowegrda compared to that of the rest of the
hydrogels £C, kC/LBG and«xC/CaA) even though all the systems were highly shear thinning.
It is worth noting that at oral shear (58) sy of 1.5C0.5NaA hydrogel bolus fragments and
the rest of thexC, xC/LBG andxC/CaA) hydrogel bolus fragmentsasthree or four orders
of magnitude higher than artificial saliviigure 3) or real human saliva, respectively
(Bongaerts, Rossetti, & Stokes, 2007b). This suggest that the rheology might play an important
role in driving the load bearing capacity of these gel bolus fragments during oral tribology
experiments and consequently sensory perception. However, viscosity results might not be
sufficient to understand the underlying mechanism of differences in the friction coefficients (if
any) betweerC, «xC/LBG and«C/CaA hydrogel bolus, as the viscosities were not significantly
different between these gel bolus fragments at orally relevant shear rates (p > 0.05).
Furthermore, one might investigate how the viscoelastic parameters of the bolus fragments may
impact the load bearing aspects and oral processing attributes, which is beyond the scope of

this study and needs to be studied in future.

3.1.3. Oral tribology of the hydrogel bolus fragments and filtrates

It is well recognized that the rheological properties (bulk phase) dominate the textural sensation
only in the early stages of oral processiligs now postulated that oral tribology (surface
properties) dictates the thin-film properties and thus the oral sensation in the later stages of oral

processing where the food and/or food-saliva mixture interact with the oral surfaces (Chen &
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Stokes, 2012; Laguna & Sarkar, 2017; Pradal & Stokes, 2016; Stokes, et al., 2013). To
understand this surface phenomenbacoefficient of friction (i) of both gel bolus fragments
and gel bolus filtrate (i.e. the thin-film) when sheared between smooth hydrophobic PDMS-
PDMS ball and disc tribopairs was plotted as a function of entrainment speed as shown in
Figures 4aand4b, respectively. Although attempts were made to pre-adsorb artificial salivary
films to hydrophobic PDMS substrates, there was no change in the water conta¢d)anifgle
the substrates (data not shown) and the PDMS surface remained hydropholiag°) as
studied previously (Sarkar, et al., 2017a; Yakubov, McColl, Bongaerts, & Ramsden, 2009).
The plateau boundaryJ/(< 10 mm/s) and mixed regimes (10 < U < 300 mm/s) of
lubrication could be clearly identified in the Stribeck curves of the measured saRiglesg
4aand4b). Considering the relevance of biologically relevant speeds, such as the speed of the
human tongue being ~ 20 mm/s (Steele & Van Lieshout, 2009), we have focussed only on
boundary and mixed lubrication regimes. The artificial saliva, which served as a ,control
showed a classical Stribeck profile with p varying from-0.8 in the boundary regime, falling
off by one-order of magnitude in the mixed regime. This is consistent with ranges of values
found in a previous study using the same artificial saliva formulation (Laguna, et al., 2017a).
In the boundary conditions, the PDMS ball and disc appeared to be in near-adhesive
PDMS-PDMS (intimate) contact, where the entrainment of the hydrogel bolus fragments or
filtrates was rather pooFi{gures 4aand4b). Interestingly, gel fragments containing higher
concentration okC (3xC), LBG (2.2%C0.75LBG) and alginates as beads £C6.2CaAooo,
1.6¢C0.2Calio0, 2.4<C0.2CahAog) showed some sort of entrainment even in the boundary
regime reducing the friction force significantly (< 0.4 N) as compared to that of artificial saliva
(p < 0.05) Table 3). Gong & Osadg1998) described a “repulsion—adsorption model” to
explain friction in hydrogels, which suggests that the friction force is the sum of elastic force

and vicious force, which can be applied to these gel bolus fragments. The elastic force arises
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from anchorage of the biopolymer to the substrate (adhesive), whereas the viscous force results
from the hydration of the polymer (repulsive) (Gong & Osada, 1998; Gong, 2006; Stokes,
Macakova, Chojnicka-Paszun, de Kruif, & de Jongh, 2011). At a first glance, it seems that the
reduction inu in the boundary regime of these gel fragmef8sC, 2.2%C0.75LBG
1.6¢C0.2CaAo00 1.6¢C0.2Cakoo, 2.4«C0.2Cakos) might be associated with interactions
betweenkC, LBG, NaA or CaA hydrogels and the PDMS substrates allowing biopolymer
adsorption to some degree. However, this is somewhat unlikely considering the high
hydrophobicity of PDMS (Sarkar, et al., 2017a) and hydrophillicity of these gels.

Hence, the relevance @ipposing substratén friction in this case is worth recognizing
(Gong, Kagata, lwasaki, & Osada, 2001). Note, hetlarrageenan and alginates are highly
negativelyeharged biopolymers at pH 6.8. Thus, repulsions from both opposing PDMS
substrates (artificial saliva coated i.e. negatively charged) (Sarkar, et al., 2009; Sarkar, et al.,
2017a) as well as the opposing gel surfaces (i.e. inter-gel repulsion between negadirgey-c
gel bolus fragmenjs(Bongaerts, Cooper-White, & Stokes, 2009; Gong, Kagata, & Osada,
1999; Gong & Osada, 2002) are highly likely. Such repulsive interactions against the opposing
artificial saliva coated PDMS substrate and/or the gel fragment surfaces, might have enabled
these hydrogel fragments to remain hydrated forming a thicker solvendtaléiricant’, thus
providing an effective barrier to the asperity contacts under the low load. This is further
justified by the high viscosity values of these specific gel fragmémgsire 3) suggesting
viscous force as the driving factor and separating the PDMS contacts effedtigehe (4a).

As the sliding speed of the disc staito increase, p decreased in all samftegufes
4a and Figures 4b and stard to fill the gap between the surface asperities of the tribopairs
in the mixed lubrication regime. The inclusion or exclusion of gel fragments or gel filtrate
largely depends on the gap between the contacting surfaces, the size of the gel fragments

compared to the size of the gap and asperities, as well as the interactions of thesageidrag
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with the PDMS surfaces. In the case of gel bolus fragments containing bea@®(2®&aA oo,
1.6¢C0.2Cako0, 2.4cC0.2Cak00) (Figure 43), the p was one-order of magnitude lower than
artificial saliva (p < 0.05). The beads were larger in size as compared to the asperities of the
PDMS substrates ¢R= 50 nm) and thus the beads released from the gel fragments during
simulated oral processing might have rolled into the contact zone between the PDMS
tribopairs, thus reducing p values. It is tempting to propdbell-bearing mechanism” for the
reduction in p using CaA, such mechanism has been previously postulated for whey protein
particles and protein microgel particles (Liu, Tian, Stieger, van der Linden, & van de Velde,
2016; Sarkar, et al., 2017a).

To test the possibility of this ball-bearing mechanism occurrence, the Hertz pressure
effects for the CaA beads of 1000 and 300 um were calculated with the assumption that 10%
of the beads were entrained between the PDMS ball and disc surfaces (de Vicente, et al., 2005;
Johnson, 2009; Johnston, McCluskey, Tan, & Tracey, 2014; Puttock & Thwaite, 1969). The
Young’s modulus for CaA beads was assumed to be 20 kPa, based on previous studies (Larsen,
Bjgrnstad, Pettersen, Tgnnesen, & Melvik, 2015). From Hertz theory, the spherical contact area

of the PDMS ball and disc was calculated using Eq (3):

ra? = 1.31 (R"”)O'67 3)

Er

where,a is the surface contak,’ is the reduced radius of the PDMS ball, F is the force for
each particle entrained between the two contact&argthe reduced elastic modulus. THie

was defined as:

(4)

21



514

515

516

517

518

519

520

521

522

523

524

525

526

527

528

529

530

531

532

533

534

535

where,o is the Poisson’s ratio, assumed to be 0.5, and E i&e Young’s modulus (de Vicente,
et al., 2005).

The number of particles in the contact area was calculated as:

__ PparticlesXA
Nparticles - TTR2 (5)

with ¢ being the concentration of particles in the contact zonksg #rea of contact (na?) and

R the radius of the particles. Hence, the force per particle was calculated as:

_ Ftotal
Fparticle N ] (6)
particles

with F the total force applied and N the number of particles. Finally, the spherical contact area

was determined using the approach of distant points (Johnson, 2009):

a=(—2 )1/3 @

16R/EI?

with E’ defined as:

E' =2 (1—612 + 1—022)_1 (8)

Eq E,

The results shown ifable 4 clearly indicatehat the CaA particles were not capable
of rolling asa >> size of the beads, even with 10% patrticles being entrained between the PDMS
surfaces. Interestingly, the 1000 um CaA beads were too large to actually be entrained in the

contact zone. These calculations indicate that there wébatlebearing effectsusing CaA
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irrespective of the particle size studied, and the reduction in p could be explained by the
rheological behaviourigure 3) of the gel boli containing beads forming the viscous layer as
the ‘lubricant’, as discussed previously. Also, not to underestimate, that the amount of water
within these gel beads might also play an important role in exhibiting low friction (Gong &
Osada, 2002)The water might be squeezed out the gel beads forming a thin-film and may
serve a® ‘boundary lubricant’.

In case of the gel filtrateg-igure 4b), the Stribeck curve of theC hydrogels almost
overlapped irrespective of the biopolymer concentration in both boundary and mixed
lubrication regimes (p > 0.05). Similarity in friction forces for bo#C2and 2C hydrogel
bolus filtrates and artificial saliva irrespective of entrainment spéetsg 3) suggests that
the hydrogel bolus filtrates lacked the ability to migrate into and replenish the confined region
in the event that the two PDMS shearing surfaces were almost in direct contact. This is unlike
the behaviour ifFigure 4a, wherexC gel bolus fragments showed entrainment driven by the
viscosity of the hydration layer created by the gel bolus fragmEigaré 3). As expected,
such influence of rheology on tribology was not evident in the hydrogel bolus filtrates owing
to the loss of the gel fragments particles during filtratleigyre 4b). In the mixed lubrication
regime, the filtrates from hydrogel boli containing LBG (2@B.75LBG) NaA
(1.5%C0.5NaA or CaA (1.6C0.2CaAono 1.6¢C0.2Cao0 2.4<C0.2CaAo0) contributed to
significantly lower friction forcesscompared to the artificial saliva (p < 0.0%nble 3). This
complies with the behaviour observed for the corresponding hydrogel bolus fragiiguts (

43). Even after filtration, the spherical CaA beads might have been retained in the filtrate
enabling some degree of entrainmeralfle 4), or both gel fragments containing NaA and
CaA were increasing the lubrication effgaissibly by ‘weeping out’ the water layer as a thin-

film ‘boundary lubricant(Gong & Osada, 2002).
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In our study, the fitted values with the Stribeck master curve i.e. k = 0.0065, n,= 0.55
h=11,1=0.075B =033 10% m = 1.0 gave a good fit (Bongaerts, et al., 2007a; de Vicente,
et al., 2005). Here ghould be noted that since the samples were shear thirfriogng € 3), the
viscosity multipliers were calculated at each entrainment velocity. This was achieved by fitting
the entrainment speeds to the shear rate by use of a power law relation of the same format as
Eq (7), and which enabled calculation of the associated viscosity. In this study, entrainment
speeds of 1 to 1000 mm/s translated to shear rates of 0.1 1. I0fiswas validated to ensure
the entrainment speeds did indeed coincide with shear rates and that the predicted viscosities
agreed with the shear rate/viscosity Ostwald de Waele power law regressions relevant to each
sample.

As can be seen in the master curkare 5), good agreement was achieved in the
mixed regme and from the transitionary region into the EHL. However, in contrast to
Newtonian lubricants (Bongaerts, et al., 2007a; de Vicente, et al., 2005), using the particulate
hydrogel bolus fragments, the model failed in the boundary regime. This suggests that the
hydrogel bolus particles had a different degree of entrainment in the boundary regime and the
key mechanism of friction reduction in the boundary regime was due to opposing surface-
mediated formation o viscous layer of ‘gel fragments’ (Figure 4b). As one might expect,
such layer formation varied as a function of sample inhomogeneity under shear conditions in
confinement and samples with inhomogeneity indicated a limitation in the Stribeck

representation in this regime.

3.2. Descriptive sensory analysis of the hydrogels
Table 2 summarizes the sensory attributes generated by the sensory panel together with their
definitions. Nine different texture attributes were selected that were perceived during oral

processing of the hydrogels. With the first two principal components (PC), 64% of the variance
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in the data was explained and the PCA plot showed that attributes were clustered in three groups
(Figure 6). The pattern matrixTable 5, shows that PC1 included the attributes related to the
chewing aspects: ‘firm’, ‘elastic’, ‘chewy’ and ‘cohesive’, as well as the inverse of the
attributes more related to lubrication: ‘pasty’ and ‘melting’. The PC2 was represented by
attributes that could be considered in the oral lubrication domain: ‘smooth’, ‘slippery’ and
‘salivating’. At first bite, perceived firmness of a solid or semi-solid food is known to be related
often to the fracture stress (Foegeding, et al., 2011). In fact, in this study, for all the chewing-
related attributes (séggure 7), the hydrogels could be categorised into two key groups. Group
1) included the hydrogels with high fracture stress/high fracture sk@iar{d«C/LBG gels)
(Figure 1) that generally scored high on the chewing-related texture attributes, stichhgs
‘elastic’ and ‘cohesive’, and Group 2) included the hydrogels with low fracture stress/low
fracture strainKC/NaA andxC/CaA gels) that scored low on these attributes. As one might
expect, the chewing-related texture attributes were strongly dominated by the concentration of
kC i.e. higher concentration alC (3wt%) resukdin more ‘firm’ and ‘chewy’ perception as
compared to that created using lower concentrations (2 wt%) (p ¥ Biftlarly for samples
containing beads of the same size (300 ahjgher concentration ofC (2.4 wt%) resulted
in creating samples (Z2€0.2CaAoo) that scored on the higher end of the 100 mm scale and
were more ‘firm’, chewy’, ‘elastic’ and ‘cohesive’, as compared to that created using lowe€
concentrations (1.6 wt%) (p < 0.05) . Although the presence of beads and their particle size
(300 versus 1000 um) significantly influenced the fracture mechanics during the uniaxial
compression tesE(gure 1), this was not apparent in the sensory analysis of the four chewing-
related texture attributes (p > 0.05)dure 7).

The lubrication-related texture attributes (S&gure 8) appeared to shoasomewnhat
opposite effect, with the low fracture stress/low fracture strain samples scoring high on

‘melting” and ‘pasty’, wheres the high fracture stress/high fracture strain samplesdcor
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610 relatively low on the 100 mm scale. T&@/NaA hydrogel (1.6C0.5NaA scored high on most

611 of the lubrication-related texture attributesch as ‘smooth’, ‘pasty’, ‘melting’. It is worth

612 remembering that the k60.5NaA hydrogel bolus had the lowesfthough three-orders of

613 magnitude higher than human saliva) as compared to the other sarmjgese (3).

614 Nevertheless, the higher scores on the lubrication-related texture attributesx<af/ze\

615 hydrogelis in close agreement with the lower p valkagie 4b), and correspondingly lower

616 friction force in both boundary and mixed lubrication regimes for the hydrogel bolus filtrate
617 (Table 3. This suggests that the viscosity-parameter could not explain the lubrication-related
618 texture attributes in case ®€/NaA hydrogelnd it was the ‘weeping’ water film that might

619 have acted as @oundary lubricant’. Interestingly, the«C andxC/LBG hydrogels scored

620 significantly low on ‘pasty’ and‘melting’ (p < 0.05), congruent with the high p of the hydrogel
621 bolus filtrate Figure 4b) and their correspondingly high friction forces in both the boundary
622 and mixed regimesT@ble 3).

623 The «C/CaA hydrogels with beads (k©0.2CaAo, 1.6C0.2CaAo0o

624 2.4C0.2CaAog scored rather intermediat80-60 mm) on all lubrication attributeshdy

625 were perceived to be more ‘melting’ and ‘pasty’ as compared to the&€ and«C/LBG hydrogels

626 (p < 0.05) Figure 8), which corresponds with the reduced friction coefficieRigyre 4b)

627 and equivalent friction force in the mixed regime for these samplaslg 3). However,

628 considering that these beads were not rolling, as discussed before, the beads appeared to
629 provide some degree of inhomogeneity perception, which might explain the relatively low
630 scores on the attributemooth’ (p < 0.05) as compared to that of their absence in the other
631 hydrogels, irrespective of particle sizédqure 8). It is worth noting that the sensory perception
632 of particles is not only dictated by the particle size, but also by its concentration, shape,
633 roughness and hardness of the particles as well as the properties of the matrix in which it is

634 dispersed. For example, the sensory threshold for particle size in chocolate isim 30
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(Afoakwa, Paterson, & Fowler, 2007) whereas for sharp-faceted silica particles it is as low as
2 um (Engelen, et al., 2005) the be perceived as rough and/or gritty.aAlsoker matrix can

mask the sensory detection of particles (Imai, Hatae, & Shimada, 1995; Sala & Scholten, 2015).
Thus, the observed low ratings in sensory smoothness might have resulted from these soft big
CaA beads> 300 um) with sizes much above the sensory detection threshold, the inability of
thexC matrix to mask such perceptions as well as the absence of any ball-bearing effects.

It is worth highlighting that although theC hydrogels scored high on the sensory
attribute ‘smooth (Figure 8), the friction coefficients okC hydrogel bolus filtrates were
highest in the boundary regime (1 ~ 0/BigUre 4b). Noteworthy is that the PDMS substrates
used in this study for tribology were highly hydrophobic (even after pre-adsorption of artificial
saliva), which might not have allowed efficient polymer-adsorption of the hydropi@lic
hydrogel bolus particles remaining in the filtrate to the substrates and thus did not reduce
friction significantly (p > 0.05). This might not be the case during real oral processing as the
oral mucosa is highly hydrophilic because of the salivary coating (Laguna & Sarkar, 2017)
Hence, one might consider introducing some degree of hydrophilicity in these soft PDMS
substrates for doing oral tribology measurements in order to accurately understand this sensory
smoothness scores faC hydrogels (Sarkar, et al., 2017a). Interestingly, the friction
coefficients of thecC hydrogel bolus fragments (particularlyG was considerably low (g
0.15) in the boundary regimé&igure 4a, Table 3. This suggests that thec@ gel bolus
fragments were responsible for acting as a solvated layer of lubricant to reduce viscous friction,
as discussed previously, and consequently were rated high on the sensory édtiiibute’,

(Figure 8).

For the attrilates ‘slippery’ and‘salivating, the trend was not very clear for samples

containing NaA or CaAFKigure 8), which might be associated with the rather difficult

definitions and the unfamiliarity of the panel with these lubrication-related texture attributes.
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This can also be seen in the Tucker-1 plotsSsgmlementary Figure 2 where the attributes
‘slippery’ and salivating’” showed rather random clustering patterns indicative of poor panel
agreement. It appears that insufficient training was provided to the participants on these
constructs for them to grasp the complexity of these attributes in novel semi-solid systems i.e.
the hydrogels with different textural complexit®nly samples containing NaA scored
significantly lower orfsalivating” as compared to that ofxC orxC/LBG hydrogels (p < 0.05).
‘Salivating’ was defined as ‘amount of saliva released during chewing’ (Table 2). Therefore,

it is likely that panellists ratedlC orxC/LBG hydrogels as more ‘salivating’ compared to that

of NaA samples (p < 0.05) as possibliarger quantity of saliva was generated for cleansing

the residues of the stiffer hydrogel fragmemiig@re 1). Similarly, samples containing NaA

and CaA (except 1«&£0.2Cakog) scored significantly lower on the attributslippery’
compared to that ofC hydrogels (p < 0.05). This suggests that samples containing alginate
as biopolymer or beads did not slip easily and provided some sort of oral coating properties
due to the alginate itself or creaetdveeping layer of water as a lubricant during tribological
shearing (Gong & Osada, 2002), as discussed in the previous section. The oral coating property
of alginates is in agreement with literature suggesting that alginate can create hydrogen bonds
with human salivary mucins through carboexydroxyl interactions (Cook, Bull, Methven,
Parker, & Khutoryanskiy, 2017; Shtenberg, et al., 2018).

In general, it can be concluded that all chewing-related attributes were largely
controlled by the fracture properties of the hydrogels, whereas the lubrication-related attributes
showed significant variations between the hydrogel samples and some of the lubrication-related
attributes corroborated the oral tribology results of the gel bolus filtrates in the mixed
lubrication regime. Noteworthy is that the relationship between fracture properties, tribology
and sensory analysis has been investigated in literature, particularly in emulsion gels

(Devezeaux de Lavergne, van Delft, van de Velde, van Boekel, & Stieger, 2015b;ager Sti
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van der Linden, & van de Velde, 2016). Nevertheless, to our knowledge, this is the first study
that has been carried out using descriptive sensory analysis focussing on textural attributes
related to both chewing and lubrication in aqueous systems i.e. hydrogels with varying degree

of textural complexity.

3.3. Relationship between the and sensory properties of the hydrogels
To understand the complex sensory perceptions in these hydrogels with or without
inhomogeneity, an integrative approach identifying interrelationships between sensory
textural attributes and instrumental parameters rather than dependence on a single instrumental
test is necessaryable 6highlights the statistically significant correlation coefficients between
the broad spectrum of mechanical parameters, i.e. fracture properties, apparent viscosity, | in
boundary and mixed lubrication regime, and the texture attributes.

Positive correlations were obtained between the chewing-related sensory attributes, i.e.,
‘firm’, ‘elasti¢, ‘chewy and ‘cohesivé and the instrumental measures of fracture stress,
fracture strain, fracture energy and viscosity at 50Tsible 6). The correlations of the fracture
parameters with the chewing-related attributes are in agreement with previous literature dealing
with emulsion gels (Devezeaux de Lavergne, et al., 2015a) and agarose gels (Babiakgou,
Daubert, & Foegeding, 2006). This suggests that firm samples, sudb asd«C/LBG wiill
require more stress to deform, particularly in the early stages of oral processing.

Interestingly, the lubricatiorelated sensory attribute ‘salivating’ also showed strong
positive correlations with instrumental measures of fracture stress, fracture strain, fracture
energy and viscosity at 50'srespectively. As discussed previously, the firm samples might
have created residues/particles, which required increased salivary flow for oral cleansing
(Table 2). Hence, it appears that the trained panel might have assogiaded; ‘salivating’

with the quantity rather than the quality of saliva production. In addition, strong inverse
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relationships were obtained between ‘pasty’, and ‘melting’ and the instrumental measures of
fracture stress, fracture strain, fracture energy of the hydrogels and viscosity atf B®k*

(p < 0.01) In other words, ‘firm’ samples, such a& orxC/LBG hydrogels might have created
bolus fragments during the oral processing that were relatively stiff, retained their integrity and
were not melting easily over the duration of the oral residence time. In addition, due to such
fragment creation, firm samples were not perceived to be ‘pasty’ (p < 0.01) i.e. did not form a
semi-solid continuous layer. Although the sensory attribut@oth’ showed no correlations

with either the fracture properties of the hydrogels or the viscosity of the boli, the sensory
attribute‘slippery’ showed a positive correlation with initial fracture stress and fracture strain
which suggests that the terfalippery’ had some association with early stages of oral
processing, which was not expected (p > 0.05). Overall, clear relationships existed between all
fracture properties of the hydrogels and rheology of the bolus fragments with lubrication-
related attributessuch as ‘pasty’, ‘melting’ and ‘salivating’ that were perceived by the
panellists during oral processing.

We now shift our focus to investigate whether p of the hydrogel fragments and/or
filtrates could predict the sensory dimensions of both chewing- and lubrication-related texture
attributes Table 6). As one might expect, no correlations existed between the chewing-related
attributes and p of bolus fragments/filtrates irrespective of the lubrication regimes. However,
looking at the lubrication-related sensory attribulieab{e 6), ‘pasty was inversky correlaed
with the p of hydrogel bolus filtrates in the mixed lubrication regimes @@5). This further
suggests thatpasty was most likely associated with the mouth-coating aspects during oral
processing, as discussed previoudhpr example, samples with lower p values (e.g.
1.5¢C0.5NaA) in the boundary regime will be more lubricating ailtl thus be perceived as
more ‘pasty’ forming an oral coating ang/ ‘weeping’ layer of water, separating the oral

surfaces from the asperity contacts. Although the signs of correlations in case of the tribology
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735 experiments performed with hydrogel bolus fragments were similar to that of the hydrogel
736  bolus filtrate, no significance was observed in the former irrespective of the lubrication-related
737 attribute. This confirms that the bolus filtrates being thin-film had more relevance in the oral
738 tribology domain in this study when relating to themouth sensory perception as compared
739 to that of the bolus gel fragments.

740 Interestingly, there was a tendency towadmverse relationship of sensdmyelting’

741 tothe p of the hydrogel bolus filtrates in the mixed lubrication regime, however there was no
742  statistical significanceT@ble 6). Moreover ‘salivating’ was positively correlated with the

743 of the bolus fragments (p < 0.05). This is in agreement with the explanation for the initial
744  fracture properties, which suggests that hydrogels scoring high&malovating’” were the

745 samples that generated more volume of sallable 2). As can be expected, the generated
746 saliva was perhaps depleting the gel fragments or residues from the oral surfaces. Such
747  ‘depletion’ of bolus fragments or residues from the oral surfaces might have resulted in
748 apparent surface asperity contacts, which may justify the positive correlétissiivating’

749 with friction coefficients as observed Trable 6. No relationships could be observed between
750  ‘smooth’ and p of bolus filtrates, which might be attributed to the inhomogeneity of samples,
751 such as the ones containing CaA beads. For the sensory attiipgtery’, there was a positive

752  correlation with p of hydrogel bolus filtrates in the mixed lubrication regime (p < 0r@b)q

753  6).

754 It is worth highlighting this observed anomaly when relating the sensory attribute of

755  ‘slippery’ to the tribology results. Previously, an inverse relationship of friction coefficient and

756 slipperiness in foods, i.alipperiness a (where W is the applied load in

Viscous force+ Wn
757 tribology), has been postulated by Kokini (1987). However, this previous study by Kokini
758 (1987) was done with faieh low viscosity fluids, where ‘slipperiness’ could be perceived

759 easily dued ‘fatty’ or ‘creamy mouthfeel’. In comparison, the current study has employed
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semi-solid aqueous hydrogels and their corresponding bolus fragments and .filtrates
Furthermore‘slippery’ perception was defined by the ease of sliding of the sample (Table 2).

This suggests that highly slippery samples, suchc@sgels Figure 8) were sliding past the

oral mucosa easily, which apparently resulted in having no fragments/ filtrate in the
confinement, corroborating with the highvalues (Figure 4b, Table 3. Nevertheless, it is
worth to emphasize thabth ‘slippery’ and ‘salivating” were difficult sensory terms for the
panellists Figure 8), as discussed before, and thus these correlations might be taken with some

degree of precaution.

4. Conclusions

This study presents hydrogels as model semi-solid foods, where systematic
manipulation of the structural properties was used to investigate the relationship between
mechanical (instrumentally measured) and sensory aspects of oral processing. A range of
hydrogels with varying degrees of structural complexity was evaluated using uniaxial
compression test of the hydrogels, flow curves and tribology of gel boli (after simulated oral
processing) as well the sensory properties, which was investigated using descriptive sensory
analysis. Tribology of the bolus fragments and filtrates were explained using theoretical
“repulsion-adsorption” model highlighting the role of opposing surfaces (PDMS, gels). A clear
correlation was obtained between the initial fracture properties of the hydrogels, viscosity of
the bolus fragments and all chewing-related texture attritbatéfirm’, ‘elastic’, ‘chewy’ and
‘cohesive’. Interestingly, all fracture attributes and boli viscosity showed positive correlation
to the relatively novel lubrication-related textutéributes, such as ‘salivating’ and inverse
correlations with both ‘pasty’ and ‘melting’. The coefficient of friction of the bolus filtrates in
the mixed lubrication regime shew inverse correlations with the lubrication-related

attributes, such as sensopasty and positive correlationsith ‘slippery’ and ‘salivating’.
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785 However, our experimental design could not establish a significant inverse correlation between
786 sensory ‘smooth and the friction coefficients, which is largely attributed to the inhomogeneity
787 of the samples employed in the study. Novel findings from this study suggests that lubrication-
788 related attributes were perceived during both early and later stages of oral processing and thus
789 relationships existed with initial fracture properties of gels, boli viscosity and boli tribology
790 and not only to boli tribology, as hypothesized initially. Future studies should focus on further
791 training of panel members particularly with respect to lubrication-related texture attributes. In
792 addition, more independent systematic studies with hydrogels with varying degrees of
793 structural complexity at micro- to macro-scale are needed to clearly establish the tribology-
794  sensory relationships particulaat the later stages of oral processing.

795
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Figure 6.
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Figure 7.
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Figure 8.
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Captions for Figures

Figure 1. Fracture stress and straina€ Z0), 3xC (A), 2.25C0.75LBG ¥ ), 1.5C0.5NaA

(#), 1.6¢C0.2CaAo00(<1), 1.6¢C0.2Cak00 (») and 2.4C0.2CaA0oo (=) hydrogels in uniaxial

compression test. Data points represent the average of at least three measurements on four

different preparation days. Error bars indicate the standard deviation.

Figure 2. Schematic representation of the hydrogels.

Figure 3. Flow curves of artificial salivall), 2«C (0), 3xC (A), 2.25C0.75LBG ¥ ),

1.5%CO0.5NaA #), 1.6C0.2CaAooo (<), 1.6¢C0.2CaA0 (») and 2.4C0.2CahAqw (7) gel

bolus fragments as a function of shear rate at 37 °C. Data points represent the average of at

least three measurements. Error bars indicate the standard deviation.

Figure 4. Friction coefficients ok (0), 3xC (A), 2.25C0.75LBG 7 ), 1.5C0.5NaA #),

1.6¢C0.2CaAo00 (1), 1.6¢C0.2Cakoo (») and 2.4C0.2CaAoo (:2) gel bolus fragments (a)
and gel bolus filtrates (after filtering out the larger fragments) (b), respectively, after simulated
oral processing in presence artificial saliwg,(at 37 °C as a function of entrainment speed

Data points represent the average of at least three measurements. Error bars indicate the

standard deviation.

Figure 5. Stribeck master curve far@(0), 3«C (A), 2.25¢C0.75LBG 7 ), 1.5C0.5NaA #

), 1.6¢C0.2CaAo00 (<1), 1.6¢C0.2Cakoo (») and 2.4C0.2CahAwo (2) gel bolus fragments as



10

a function of the product of viscosity and entrainment speed compdhgniThe black solid

line is the best fit to the data using Eq (13)

Figure 6. Principal component analysis (PCA) of all texture attributes obtained in the
descriptive sensory analysis. Principal component 1 (PC1) represents 48.5% and PC2 15.6%

of the variance in the data.

Figure 7. The ratings of the chewing-related attributes obtainedd@#profiling of the gels.
Data points represent the average of the gels evaluated in triplicate by 11 panelists. Error bars
indicate the standard deviation and bars within one attribute with different lower case letters

denote a statistically significant difference (p < 0.05).

Figure 8. The ratings of the lubrication-related attributes obtained@Dw profiling of the
gels. Data points represent the average of the gels evaluated in triplicate by 11 panelists. Error
bars indicate the standard deviation and bars within one attribute with different lower case

letters denote a statistically significant difference (p < 0.05).



Table 1.

Hydrogel samples Kk-carrageenan Locust bean gum Na-alginate Ca-alginate beads Water

(Wt%) (Wt%) (Wt%) (Wt%) (Wt%)
2«xC 2 97
3kC 3 96
2.25¢C0.75LBG 2.25 0.75 96
1.5%C0.5NaA 1.5 0.5 97
1.&C0.2CaAo00 1.6 0.2 97
1.6¢C0.2CaA00 1.6 0.2 97
2.4¢C0.2CaA00 2.4 0.2 96

* Al hydrogels contained 0.5 wt% green food colouring and 0% \weppermint flavouring. The twe-carrageenan hydrogels
contained 0.145 wt% KCI. The composition of the mixed hydrogels tongaCa-alginate beads was determined based on the ratio
between k-carrageenan gel matrix (2 or 3 wt%) and Jdgireate beads (1 wt%), irrespective of bead size.



Table 2.

Textural
attributes from
QDA profiling

Definition

Smooth

Firm

Elastic

Chewy

Cohesiveness

Pasty

Slippery

Salivating

Melting

Degree of abrasiveness of the products surface as perceived
tongue

The force needed to compress the sample between tongue and
(hardness)

The ease in which the sample bounces back after che
(springiness)/force with which the sample returns to its original s
after partial compression (without fracture) between the tongue
palate

The amount of chews needed to break down the sample to be
for swallowing

Degree to which the samples deforms/holds together rather
crumbles/breaks/ruptures (it conforms to the palate rather than s

The sensation of the presence of wet/soft (immiscible) solids ii
mouth (muddy)

The ease in which the sample slides through the mouth during chi
(slimy)

The amount of saliva released during chewing

The amount of sample that dissolves/disappears over time (Ic
structure in the mouth) rather than cracking or breaking apart




Table 3.
Friction force of the gel bolus Friction force of the gel bolus
fragments (N) filtrate (N)

Boundar Mixed Boundary Mixed

Samples lubricati Y lubrication lubrication lubrication
ubrication regime . : 3 / .

(3 mmis) regime regime (3 mm/s) regime

(50 mm/s) (50 mm/s)

Mean SD Mean SD Mean SD Mean SD

Artificial saliva
2xC

3xC
2.25C0.75LBG
1.5%C0.5NaA
1.6¢<C0.2CaAo000
1.6¢C0.2CaAono0
2.4¢C0.2CaAono

1.0972 0.211 0.58% 0.071 1.092 0.211 0.58% 0.071
0.978> 0.179 0.09¢ 0.024 0.928> 0.067 0.46% 0.069
0.3489 0.146 0.062 0.010 1.042 0.047 0.51% 0.059
0.387¢ 0.076 0.049 0.018 0.498° 0.301 0.172 0.036
1.046° 0.125 0.067 0.011 0.386¢ 0.143 0.024¢ 0.007
0.687¢ 0.135 0.08® 0.017 1.14F 0.103 0.13% 0.055
0.338¢ 0.168 0.01% 0.002 1.39% 0.003 0.11% 0.039
0.104 0.026 0.012 0.003 0.313 0.112 0.03® 0.018




Table 4.
Samples Nparticle Fparticle (N) o (mm)
1.6xC0.2CaA1000 0.5 3.90 18.3
1.6xC0.2CaA300 5.7 0.35 5.5
2.4xC0.2CaA300 5.7 0.35 5.5




Table 5.

PC1 PC2
Smooth 098 | .562
Firm .803 .264
Elastic .688 219
Chewy .809 234
Cohesive 671 116
Pasty -. 797 247
Slippery -.109 .880
Salivating .094 .682

Melting | -926| .157




Table 6.
Viscosity
! : . . P . Fracture | Fracture | Fracture |at50s! |pat50 [pat3 pats50 [(pat3
Smooth |Firm |Elastic |Chewy |Cohesive | Pasty |Slippery | Salivating | Melting Stress strain Energy |shear mm/s mm/s mm/s mm/s
rate
Smooth
Firm 0.40
Elastic 0.44
Chewy 0.41
Sensory | Cohesive 0.53
Pasty -0.43
Slippery 0.66
Salivating 0.25
Melting -0.38
Fracture 0.59
stress
Textur(_e Fra(_:ture 0.36
analysis | strain
Fracture 0.55
Energy
Viscosity at
Rheology |50 s* shear 0.30
rate
Tribology, | %220 0.56 0.85
gel bolus
filtrate |[pat3mm/s| -0.30 | -0.11| -0.11 | -0.16 -0.30 -0.15 0.14 0.22 0.04 -0.03 0.25 0.14 0.24 0.39
Tribology, ﬁfnt,go 0.47 0.06 | 0.19 0.05 0.00 -0.31 0.48 0.16 -0.24 0.18 0.22 0.25 0.16 0.56 0.15
gel bolus
fragments |y at 3 mm/s 042 | -0.44| -0.31 | -0.45 -0.42 0.22 0.17 -0.40 0.31 -0.28 -0.30 -0.23 -0.37 0.18 0.34 0.81




Captions for Tables

Table 1. Final composition of the hydrogels.

Table 2. List of attributes and descriptions as included in the QDA profiling.

Table 3. Friction force (N) for the gel bolus fluid (thin liquid) after filtering out the larger
fragments at 3 mm/s (boundary lubrication regime) and 50 mm/s (mixed lubrication regime)
entrainment speed and 37 °C. The samples were prepared using simulated oral processing in
the presence of artificial saliva, and compared to artificial saliva as a control measure.

different lower case letter denotes a statistically significant difference (p < 0.05).

Table 4. Elastic compression of the CaA beads based on 10% particle entrainment.

Table 5. Pattern matrix from the Principal Component Analysis (PCA). The Oblimin with
Kaiser Normalisation rotation method was applied and the rotation converged in 5 iterations.

Highlighted in red shows the sensory attributes best represented in PC1 and PC2 (> 0.500).

Table 6.Pearson’s correlations of sensory attributes (QDA) and physical properties (large
deformation rheology, apparent viscosity and coefficient of frigtadrthe hydrogels, where
green is positive and red shows a negative correlation with p < 0.05 in light colourscand p

0.01 in the darker shade.
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Supplementay Figure 1.Visual images of the different hydrogels.



Tucker! - corr. loadings: Firmness Tucker! - corr. loadings: Elasficity

Prod. sign.
(2-way ANOVA):

m NS
p<0.05

= p<0.01
= p<0.001

05 1 i 05 0.0 05 )AL 0.5 0.0 05 10

Tucker! - corr. loadings: Cohesiveness Tucker! - corr. loadings: Pastiness

Tucker! - corr. loadings: Chewiness

nelfjist 12
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Tucker! - corr, foadings: Salivating Tucker! - corr; koadings: Mefting

10 10

Tucker! - corr. boadings: Siipperiness

Supplementary Figure 2.Tucker-1 plots for the all attributes from the descriptive sensory
analysis, showing the panel agreement.



Supplementay Table 1. Textural properties of the hydrogels obtained from uniaxial

compression test. A different lower case letter denotes a statistically significant diffgzence (

< 0.05).
Fracture
Samples energy (kPa)
Mean SD
2xC 91.52 8.31
3xC 147.87% 17.75

2.25C0.75LBG 71.13 43.74
1.5¢C0.5NaA 6.54 0.98
1.6¢C0.2CaAo00 26.60 5.11
1.6¢C0.2Cako0 22.3%" 7.03
2.4C0.2Cako0 47.27 12.85
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