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Abstract

Background

Fat perception and liking are the subjects of gngwhnterest from industries and the scientific
community to reduce the fat content in food prodwehile maintaining consumers’ liking.
Scope and Approach

In this review, the different physiological paraerstinvolved in fat perception and fat liking
for food emulsions are explored, focusing on spseadddeeper analysis of the physiological
mechanisms occurring during the melting and ineerghases, followed by bolus formation,
mouth coating and oral clearance, allows an exammaof the links between food
composition, food structure, oral physiologicalgraeters, fat perception and liking.

Key Findings and Conclusions

Fat perception is a multimodal sensation involviigictory, gustatory and tactile cues. The
main sensory descriptors associated with fat likang creaminess, spreadability and aroma
perception. During the melting and inversion phaseal volume, saliva flow and tongue-
palate compression contribute to the heat tranasfer cooling effect, leading to the first

sensory perception. Global acceptability is alsgedr by the mouthfeel sensation perceived
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after swallowing. Mouthfeel is a consequence oflibkis formation, mouth coating and oral
clearance processes that are dependent on botlsiemabmposition and oral physiological
parameters (saliva flow, saliva composition, fuagii papillae). Understanding the
physiological mechanisms controlling fat perceptiam lead to a better understanding of the

consumer’s preference and liking for food emulsions

Key words

Fat perception; liking; melting; food bolus; ordilysiology; food emulsions.

Highlights

Fat is multimodal perception involving olfactioaste and tactile modalities

Fat liking is related to creaminess, spreadabifitydness, flavour and colour

Melting is the first step in the mouth leading twtng sensation and liking

Bolus formation is driven by food composition, stiwre modulated by oral physiology

Saliva flow and composition, oral volume and tonga&ate compression are important

Introduction

Most developed and developing countries are cotdtbrwith a rising rate of
nutrition-related pathologies, especially obesitydiovascular diseases, and diabetes, which
are related to unbalanced diets with an excessuogpison of fat, salt and sugars. A
significant reduction of these food ingredients|wabntribute both to saving lives and
reducing healthcare costs and is the subject afigpinterest from both industries and the
scientific community.

Despite numerous studies relating consumer likingh wproduct formulation,

differences in consumer perception need to be exglm more detail. One hypothesis is that
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individual oral physiology could better explainfdifences in fat perception and liking than
only food composition and structure. Moreover, gatception is considered a multimodal

sensation in itself that involves smell, taste texdure perception (Mattes, 2009; Schiffman,
Graham, Sattely-Miller, & Warwick, 1998). As an exale, fat perception in cottage cheeses
was found to be driven by a creamy aroma and gridasyMartin, et al., 2016). Thus, a need

exists to consider the different sensory modaliiefat perception.

The aim of this review was first to present thdedtdnt modalities involved in fat perception

and liking when consuming spreads and related fwoducts and then to explore the oral
physiological parameters that could be involvedhia different oral modalities and analyse
the previously examined links between food compmsiind structure, oral physiological

parameters, fat perception and liking.

1. Thedifferent sensory modalities of fat perception

1.1. Main sensory descriptors involved in fat perception and liking in food emulsions

Consumer liking for fat products seems to be drivmn textural sensory descriptors
(spreadability, meltability, fluidness, and creagss), flavour and colour. For water-in-oil
(W/O) food spreads, appearance can be charactdrzedlour, gloss and transparency. Even
if appearance will not be further investigatedha present review, it has to be mentioned that
these sensory attributes can modify consumers’agjlplerception and liking of products.
Many studies, but not all, have shown that changimeghue and/or intensity of the colour
added to a food or beverage can influence the petdadentity and/or intensity of the
flavour (Spence, 2015; Spence et al 2010). Tramslticor transparency can affect the overall
appearance and can influence liking of foods. ®mdionducted on low fat-cheese have

shown that liking of low-fat cheese was negativieljuenced when the cheese appearance
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was too translucent or too white (Wadhwani, 20K2ause et al. mentioned that butter liking
(evaluated on white bread) was associated witdatsrable flavour and colour intensity and
was viewed by most consumers (focus group with estijpnnaire) as a tasty and natural
product (Krause, Lopetcharat, & Drake, 2007). lis #tudy, the majority of the consumers
tested preferred a light-yellow colour for buttetile margarine was described as having a
distinctive deeper yellow colour. An evaluation sgfread (butter, margarine and two other
spreads) liking consumed during a complete meal aeaslucted by Michicich (Michicich,
Vickers, Martini, & Labat, 1999); their researchufml that butter was the most preferred
spread, margarine was the least preferred, angithiéarity between the other spreads and
butter was mainly driven by flavour and not by teet Because spreads are mainly consumed
on bread, Coic et al. (Coic, Groeneschild, & Toerniz014) validated that the testing of
spreads on bread rather than alone in a spoon wes suitable to study differences in aroma
perception and, more specifically, intensity anderdste. s Other parameters, such as
adhesiveness to spoon, meltability, flouriness gralniness, are negatively correlated to
spread liking, as was observed for peanut spreealsisged on bread (Yeh, Resurreccion,
Phillips, & Hung, 2002). In another study conductad different fat products, including
spreads, the most important descriptors for theabivigking of spreads on bread were found
to be “melting”, “water release”, “oil mass transgiand “lubrication”, while an analysis of
consumer segment preference for mayonnaise cordithed sensory fattiness of the spread
on the bread system was influenced by additionetbfa than the fat level only (van den
Oever, 2006). In this study, “salty taste”, “safivand “creamy mouthfeel” were positively
associated with spread on bread liking, whereasvdbece and stickiness were negatively
associated.

The examples presented above indicate that fatepgon during consumption

involves different sensory modalities: olfactiveistative, tactile and visual. Before exploring
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the physiological mechanisms involved in the omalcpption of fat, the following sections
will present the different components of oral fatgeption (excluding visual) together with

the multimodal interactions between fat percepéind other oral sensory modalities.

1.2. The olfactive modality of fat perception

Many volatile compounds have been described withtty odour note (Leffingwell,
2013). These compounds belong to different chenutadses, esters, aldehydes, ketones,
lactones and alcohols, and present different mtdeoneight and hydrophobicity values.
However, within each chemical class, short-chaimpounds convey mostly fruity or green
notes, and the fatty odour character increasesamtiie number of carbon atoms rises, as it is
the case for octanal, delta nonalactone, methyhmzate (Jelen & Gracka, 2017). Moreover,
diacetyl (2,3-butanedione) and acetoin (3-hydroxysfanone), which are the main aroma
compounds present in a creamy aroma, are not dedcwith fatty odours but only with
butter and creamy odours (Thomsen, et al., 2018g direct relationship between the
presence of such an odorant compound in a fooduptahd fat perception of the product is
thus not easily established. For example, Chatled. ¢Charles, Rosselin, Sauvageot, Beck,
& Guichard, 2000) found no direct relationship beén the presence of diacetyl, a compound
with a butter odour, and perception of a buttepnaa. They explained this discrepancy by the
perception of an odour note being due to a mixtfralifferent volatile compounds. An
alternative explanation is that odour perceptiomncd be directly linked to the concentration
of the odorant molecules in food. Odorants aretilelanolecules present in the air phase at
room and consumption temperature and have to risacblfactory receptors to be perceived.
However, their release from the food matrix int@ thir phase highly depends on their
interaction with non-volatile compounds presentha food matrix (Guichard, 2002). In the

present review, we only present interactions betw@dorants and fat. Because most aroma
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compounds are more soluble in fat than in watee tlu their hydrophobic properties,
modifications of the nature and concentration ¢fiiaa food product will hence modify the
release of aroma compounds into the air phase tausd their accessibility to the olfactory
receptors. However, these differences in releaBavieur of aroma compounds according to
the nature of fat highly depend on the physico-dbhahproperties of aroma compounds. The
most hydrophobic compounds that are more solublétrthan in water, such as esters,
ketones or lactones are less released from spredids higher fat content. Their release in
the air phase also depends on the nature of thEdakexample, ethyl hexanoate was released
more from an oil-in-water (O/W) emulsion realisedhnpartially hydrogenated palm kernel
oil than in emulsions made with anhydrous milk felhereas the opposite was found for a less
hydrophobic compound, diacetyl (Guichard, FabreRé&kin, 2008). These differences were
explained by differences in the polarity of thesfafthe most hydrophobic compound, ethyl
hexanoate, is more soluble in the more hydroph@esgs polar) fat, which is anhydrous milk
fat and thus less released in the air phase. Tls podar aroma compound, diacetyl, is more
soluble in the more polar fat, which is partiallydnogenated palm kernel oil. The differences
in the observed aroma release induced differencesensory perception, and emulsions
realised with partially hydrogenated palm kerndlwere perceived as fruitier due to the
higher release of ethyl hexanoate. Moreover, thiimgepoint of fat influenced the volatility
of aroma compounds because aroma compounds canbenlgolubilized in liquid fat.
Working on fats differing in their melting point®oudnitzky et al. showed that ethyl
hexanoate, hydrophobic aroma compounds, was betéarsed at a temperature of 15°C from
anhydrous milk fat with the highest melting poidtl{C), due to the presence of solid fat

(Roudnitzky, Irl, Roudaut, & Guichard, 2003).
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Thus, different odorant compounds are responsin¢hie olfactive fat modality, but
the amount and nature of the fat can modify thelease in the air phase and thus their

perception.

1.3. Thetaste modality of fat perception

Fat taste has been principally investigated throtighdetection of free fatty acids
(FFAs) rather than dietary fat and has been thgsubf different reviews (Heinze, Preissl,
Fritsche, & Frank, 2015; Running & Mattes, 2016;cKer, et al., 2017). Dietary fats are
clearly detected in the oral cavity by tactile amdronasal olfactory cues. If there is a
gustatory component contributing to the liking atf fis well, free fatty acids are the most
likely effective stimuli. When measuring the threkls of different FFAs based on the C18
carbon chain, differing only in their saturationéé (stearic, oleic and linoleic), it was shown
that, by removing the olfactive modality (orthonaaad retronasal cues), the FFAs could still
be perceived through the taste modality (Chale-RBsihgess, & Mattes, 2007). This finding
suggests that FFAs are perceived through gustatdigctory and somatosensory cues. In
regard to oral physiological parameters and, paerty, saliva, salivary lipolysis has been
positively correlated with the FFA threshold in rams (Mounayar, Septier, Chabanet, Feron,
& Neyraud, 2013; Poette, et al., 2014) and negticerrelated with liking (Neyraud, Palicki,
Schwartz, Nicklaus, & Feron, 2012). Moreover, thal onhibition of lipolysis by orlistat
showed a decrease in the threshold for trioleirolbese subjects (Pepino, Love-Gregory,
Klein, & Abumrad, 2012). Regarding the enzymes Iagd in lipolytic activity, the literature
IS quite scarce. Contrary to what was observedais with lingual lipase, no such specific
salivary lipases were found in humans, suggestingeehanism different to what occurs in
rodents. Indeed, the expression of other lipaseninor salivary glands [von Ebner’'s gland

(VEG)] was recently demonstrated (Voigt, et al.120in human tongue tissue. However, the
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degree of lipid hydrolysis occurring with food ihet human oral cavity has yet to be
determined. Moreover, non-esterified fatty acidsEfRs) are naturally present at low
concentrations in high-fat foods, with the amouhiN&FAs increasing further during oral
processing such as eating (Mattes, 2009). MorentlygeNeyraud et al. (Neyraud, et al.,
2017) examined fifty-four subjects and found a Higantly positive correlation between
lipolytic activity and FFA concentration, suggestitiat lipolytic activity modulates the basal
free fatty acid pattern in saliva. However, how #meount of FFA produced through salivary
lipolysis or naturally present in the food mighfieat fat perception remains unresolved.

Free fatty acids are responsible for the tactiledatity, which is modulated by salivary

lipolytic activity.

1.4. The tactile modality of fat perception

The presence of fat in food is often associatedh waktural descriptors such as meltability,
spreadability and greasy film (Di Monaco, et al008; Martin, et al., 2016). It is worth

mentioning that the relationship between fat likargd meltability is highly dependent on the
type of product, as observed in the following exbrapMargarines and table spreads of
varying fat content (20~80%) were ranked accordmgerceived meltability (Borwankar,

Frye, Blaurock, & Sasevich, 1992). The perceivedtabdity was not simply governed by the

melting of fat but also by the rheology of the protd The cooling sensation accompanying
melting was only perceived in the case of buttet ather high-fat spread products. In the
case of low-fat products, the cooling was impernbégt thus, melting perception was related
to the flowability. The cooling sensation has bdeng speculated as being one key
characteristic that could differentiate betweentdyuand margarine. A recent manuscript
measured the differences in the cooling perceptibspreads of different fat content and

structure (Galindo-Cuspinera, Valenca de Sousan&dp, 2017). The results confirmed that
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high-fat spreads, particularly butter, which consaa higher number of shorter chain fatty
acids that melt at body temperature, convey a ggooooling effect than low-fat margarines.
The rheology of these products is mainly governgdhle phase volume fraction and droplet
size. However, in the case of mixtures of differétt it seems challenging to predict the
texture perception of a mixture of fats from thdttbe fat itself. The physicochemical
properties of a mixture of anhydrous milk fat aradinp oil showed a non-linearity of hardness
as a function of their respective ratios in the tomig, which was explained by changes in the
polymorphic forms of fat attributed to differentatrylglyceride intersolubilities (Danthine,
2012). Another parameter that seems to impacteatgption and liking is the particle size as
observed for milk chocolate. The presence of lgrggicles when using bound milk fat
instead of free milk fat induced the perceptioradsandy mouthfeel”, which decreased the
overall liking (Bolenz, Thiessenhusen, & Schapd)30Fat perception is also influenced by
product viscosity. Schoumacker et al. (Schoumaakea)., 2017) noticed that subjects could
better discriminate cottage cheeses with diffefantontent at 15°C than at 7°C, which was
explained by differences in viscosity only presanthe temperature of 15°C.

The tactile modality of fat perception is a keyveri of fat liking and depends on fat

properties, product rheology and in-mouth process.

1.5. Sensory interactions between fat and other ora®gmodalities

Fat perception varies according to food composibonh is also modified by other sensory
modalities, due to the functional integration oformation transmitted by the different
chemical senses (Thomas-Danguin, 2009). Next, Weraiew the different types of oral

sensory interactions involving fat perception. Adyofew examples could be found in the
field of food spreads, some relevant examples @y interactions will be taken from other

fatty food products.
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1.5.1. Sensory interactions between fat and other tastes
Binary taste-taste interactions have been studieshodel systems between two of the five
taste qualities (sweet, salty, sour, bitter and mipan model systems. These taste-taste
interactions vary according to the different tasigalities of the components and their
concentration (subthreshold or suprathreshold) $K&a Breslin, 2002). Very few studies
report evidence for perceptual interactions betwssdtiness or sweetness and fat perception,
while the impact of the fat content on salt releasd saltiness perception has been shown in
many studies. The main reason is probably thapéateption is complex and probably a
multimodal sensation in itself. However, sodiumotlile has a major impact on food
structure, which then impacts both aroma releas# temture perception, including fat
perception.
The sensory interactions between saltiness ang fattception have not been assessed in
spreads, however some relevant effects have beead fa dairy products. Working on model
cheeses with different lipid/protein ratios and {gait contents, Boisard et al. (Boisard, et al.,
2014) found that model cheeses with added salt pereeived to be significantly more fatty
regardless of the lipid/protein ratio. These cheasere also less sticky, less elastic and less
compact. However, there was no evidence regardimg galtiness-fattiness sensory
interactions. The authors concluded that these moldeeses also contained larger fat
globules (Boisard, et al., 2013), which could inel@chigher mouth-coating responsible for fat
perception and will also delay the transfer of amocompounds with fatty notes and their
release after swallowing, which could increase/fatbma perception.
Sensory interaction between sweetness and fattgpion has been studied in different food
products, showing that oral sensations generatedsumar and fat in familiar sugar/fat

mixtures can influence the overall pleasantnegh@®food. However, the sensory interactions
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between sweetness and fat can vary according tfmtiteproduct. It was observed that sugar
may potentiate the oral perception of fat in liquidiry products, by raising the stimulus
viscosity and, thus, creaminess, whereas it maskaldperception in cakes (Drewnowski,
1993). Different results were observed by othehatst Working on biscuits, Biguzzi et al.
(Biguzzi, Schlich, & Lange, 2014) found that a retilon in the sugar content had no effect on
fat perception, whereas a reduction in the fat @ansometimes induced a lower sweetness
perception. No significant effect of the additionsagar in milk or yogurt was noticed on fat
perception (Le Calve, et al., 2015). In additionthe products being different in the above
studies, it must be mentioned that sensory preteerior sugar and fat in model dairy
products showed considerable inter-individual Jality. The following example shows
differences in sensory preferences for fat and rsagaording to the body weight status.
Obese women gave highest pleasantness ratingsnialistontaining 34% fat and 4% sugatr,
while normal-weight women preferred stimuli with%0fat and 9% sugar (Drewnowski,
Brunzell, Sande, Iverius, & Greenwood, 1985). Bseedilne fat and sugar contents of food are
predictive of the energy content, they activate iwmn neural pathways for the reinforcement
of behaviour. This activation leads to increasedivation to obtain high-fat/high-sugar foods
and may reinforce energy intake and weight gain.

Concerning the sensory interactions with bitternesg/es and Duffy (Hayes & Duffy, 2007,
2008) investigated the influence of the taste phgreo (PROP (6-n-propylthiouracil)
bitterness) on the sweet and creamy sensations $tgyar/fat milk-based mixtures (skim
milk, whole milk and heavy cream). They found tfett and sweet liking depended on the
subjects’ PROP bitter sensitivity. The taster plyoe affects the degree of enhancement or
suppression of sweetness and creaminess in ligiisufar mixtures. For example, people
who were more PROP sensitive rated creaminess thihae those who were less PROP

sensitive, but only regarding heavy cream acrdssualose levels. As the fat level increased,
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the positive PROP-sweet relationship decreasedg$i&yDuffy, 2007). Considering liking, it
was observed that the fat and sugar levels for miedoptima varied according to PROP
sensitivity and/or the number of fungiform papilla®omen with many papillae exhibited
optimal liking near 5% fat and 12% sucrose withighleffect of fat content, whereas women
with a low number of papillae were less sensitiveéhie fat content. Thus, individuals with a
low number of papillae may be less able to use sgakory cues to identify high-fat foods,
and we can hypothesize that they would be bettacoepting low-fat foods than individuals
with a high number of papillae who might detecteatiénces in products faster. In that study,
PROP bitterness better explained variations inmohe@ss than the number of fungiform
papillae. The authors justified this observatiocduse creaminess was not merely a tactile
event and there was also an odorant component gHayauffy, 2007). This finding confirms

that the olfactive component is important for glola& perception.

1.5.2. Aroma-fat interactions
Most of the studies dealing with the sensory irdeoas between aroma and other modalities
are focused on the impact of aroma on taste peotg@nd only a few of them report results
on the impact of aroma on texture perception (ThesDanguin, 2009). The quality of the
aroma-taste interaction basically depends on thaay of two stimuli to be appropriate for
the combination in a food product (congruency) (fetstein & Verlegh, 1996). Aroma-
taste-integrated perception highly depends on éhassociations, the context in which the
food is consumed and the consumer's previous expeyi(Stevenson, Boakes, & Prescott,
1998). Aroma-taste interactions have been extelysreported in model solutions and much
lower in real-food samples. The impact of aromaswomet perception has been extensively
studied compared with other taste attributes, ypaitle to the common observation that

certain odours smell “sweet”. As an example, fog #ame sugar concentration, subjects
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perceived whipped cream with a strawberry arom&esg sweeter than whipped cream
alone (Frank & Byram, 1988). In custard dessettsjas also observed that a fruity aroma
increased the sweet perception and vice versalylikerough cognitive mechanisms

(Tournier, et al., 2009). Cross-modal interactiarese also significantly reported for saltiness
and aroma, mainly for lowering the salt contentfands while maintaining the saltiness

intensity (Lawrence, et al., 2011). Only a few pageave reported on aroma-fat interactions.
Syarifuddin et al. (Syarifuddin, Septier, Salles,TRomas-Danguin, 2016) studied aroma-fat
and aroma-salt interactions in model cheeses \@gryinfat, salt and pH levels, in which

sardine (salt-related) and butter (fat-related)yrea® were added. Although the butter aroma
intensity in the model cheeses was lower than #ndirse aroma intensity, the butter aroma
was found to have greater enhancement of fat pgocefhan sardine aroma in the different
model cheeses. Sardine aroma was found to indgteehisaltiness enhancement in model
cheeses with a low fat level. Moreover, the vaomtin texture did not affect fat perception

but only saltiness. Bult et al. (Bult, de Wijk, &urhmel, 2007) studied the interactions
between cream aroma presented ortho- or retrogasatl the oral texture (thickness and
creaminess) of fresh milk with or without iota-@geenan, using an air-dilution olfactometer.
The researchers reported that the odour stimulaseased the intensities of oral texture
perception, such as thickness and creaminess, iyt wvhen the odour was presented
retronasally, that is, as if the odour would havgyipated from the liquid. In real food

products, multimodal interactions involving textutaste and aroma perception occur and
affect differently fat perception and liking. Thelease of two aroma compounds from six
model cheeses differing in fat content and firmmess followed in relation to perception

(Guichard, Repoux, Qannari, Labouré, & Feron, 20TRE perception of blue cheese aroma
(nonan-2-one) was not only explained imyvivo aroma release behaviour but also by the

amount of fat remaining in the mouth, suggestirggraa-fat sensory interactions.
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This first section highlighted that global oral fagrception involves olfactive, gustative and
tactile modalities and that these different modsditof fat perception interact together and
with other oral sensory modalities. The next papgrwill present the oral physiological
parameters that could be involved in fat perceptom liking and could explain inter-

individual differences in fat perception and liking

2. Food oral processing and bolusformation in relation to fat perception

Fat liking has been shown to be positively coreslaivith spreadability and fluidness and
negatively with adhesiveness (Di Monaco, et alQ80Thus, bolus formation, structure and
residence time are important factors in fat pefoepand liking. Most of the studies related to
fat perception and liking reported great inter-indiual variability, which could be mainly
attributed to differences in oral physiology, salsomposition (Feron & Poette, 2013; Poette,
et al., 2014) and food oral processing (Guichatdale 2017). This finding emphasizes the
key impact of food breakdown in the mouth and bd&tumation on fat perception and liking.
We will first present the in-mouth food breakdoveading to the formation of a food bolus,
and then we will examine the specific role of salivollowed by the other physiological

activities involved in the different steps of opabcessing.

2.1. Food bolus structure

Regarding food emulsions, the role of teeth andvaigin the oral processing of the
food matrix can be considered negligible. The mauents that contribute to in-mouth
emulsion breakdown are shear forces due to the @ssipn of the tongue and palate, tongue
movements, heat transfer (melting) and interactwoitis saliva. These events will lead to the
destabilisation of the emulsion through flocculatiand coalescence phenomena. To date,

most studies on food boluses descrdsevivo or in vitro experiments under conditions
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mimicking in-mouth processing and consider onlyubsgt of the variables involved in the
formation of the bolus. Thus, very few studies weomductedin vivo by describing the
structure of the bolus just after spitting in humaand most of them were performed on O/W
emulsions only.

The first indications on food bolus structure, aftee spitting of emulsions, showed
that in-mouth food breakdown leads to the formatdrparticles (droplets) whose size is
dependent on the level of emulsion thickening, tthenest product leading to the smallest
droplet size (De Bruijne, Hendrickx, Anderliestefa, De Looff, 1993). Moreover, O/W
emulsions with mm-sized particles could be brokethe mouth into smaller droplets (20-30
pm) by elongational flow (van Aken, Vingerhoeds, && Hoog, 2007). By contrast,
Dresselhuis et al. showed that the coalescencéWwfénulsions occurs in the mouth with the
formation of droplets larger than 100 um for thevdst stabilized product (Dresselhuis,
Stuart, van Aken, Schipper, & de Hoog, 2008). Tdaualescence phenomenon depends on the
stability of the emulsion but also on the indivilughe role of the stabilizer has been recently
confirmed. Emulsions stabilized with Na-caseinat®veed no considerable change after
mixing with saliva, while the opposite trend wasetved for lysozyme-stabilised emulsions,
regardless of the concentration of emulsifier Usggimacho, den Hollander, van de Velde, &
Stieger, 2015). However, in the mouth, emulsionesz@ence depends not only on its stability
but also on the solid fat content (SFC). High SFQuksions show moderate coalescence
scores, while medium SFC emulsions lead to a d¢hesease in the coalescence rating after
oral processing (Benjamins, Vingerhoeds, Zoet, dedi & van Aken, 2009). A change in
the emulsion structure after oral processing widldify viscosity properties. After the oral
processing of emulsions with different stabilitidsoplet aggregation leads to an increase in
viscosity by a factor of 2—7 for reversibly flocatéd whey protein isolate (WPI)-stabilised

emulsions and a much larger factor, 15-30-fold, &orirreversibly flocculated lysozyme-
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374  stabilised emulsion. Such increases in viscosties large enough to be perceived in the
375 mouth. This observation provides indirect evidefarethe sensory impact of the effect (van
376  Aken, et al., 2007).

377  The way food is broken in the mouth impacts footlibstructure and thus tactile perception.
378

379  2.2. Role of saliva in food bolus formation

380 The multifunctional role of saliva as an unavoidalrigredient during the eating process has
381 been recently reviewed, highlighting its surfacatoay and clustering properties, colloidal
382 and enzymatic interactions, which may impact sgngerception (Mosca & Chen, 2017).
383 The amount of saliva incorporated contributes $icgmtly to the change in the food bolus
384  properties. Regarding fat emulsions and spreaésletrel of moistening is both subject and
385 product dependent. For instance, less saliva (28%corporated in light and ultra-light
386 products than in spreads and butter (26-28%). fbjest effect, the amount of saliva
387 incorporated ranges from 10% to 50% regardleskeofatrix (light or fat). Regarding butter,
388 the subjects were highly reproducible; however, uibra-light products, an important intra-
389 individual variability was observed (Feron, unpsbid data). It is likely that these
390 differences in oral processing have an impact am fibod bolus structure with direct
391 conseqguences on sensory perception and liking.

392  Saliva flow contributes mainly to the oral clearamaf the mouth after food swallowing
393  (Carpenter, 2012). The coating of food particlegh®yincorporation of saliva is necessary to
394 form a bolus to be swallowed. Saliva stress inffastication process has been estimated to
395 be 50 Pa, and foods with a higher yield stress @abha broken up and dispersed with the
396 saliva flow. Thus, the resulting perceived mouthfedl be rather grainy, sticky, or waxy
397 than smooth (De Bruijne, et al., 1993). Such behawvas observed in the case of nut butter

398 (Hawthornthwaite, Ramjan, & Rosenthal, 2015; Rdsa&n®& Share, 2014). The authors
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showed that the adsorption of water from the salivas rise to a sticky mass which coats the
tongue and palate due to the presence of non-fapaoents within the spread (namely, dry
complex carbohydrates and proteins).

Salivary viscosity has been estimated to be fromPhs to 6 mPas depending on the method
of measurement (Schipper, Silletti, & Vinyerhoe#807). While suspected, the relationship
between salivary viscosity and food bolus struchfter oral processing of emulsions has not
been formally demonstrated except through modebipgroaches (De Bruijne, et al., 1993).
However, experiments conductedvitro on mayonnaises and custard with added atrtificial
saliva containing mucin and not alpha-amylase daiteshow any effect in friction properties,
leading to the conclusion that no evidence was dotimat salivary mucins or salivary

viscosity play a role in the lubrication of oradsues (de Wijk & Prinz, 2005).

Different saliva components might contribute to tfestabilisation of O/W emulsions during
the oral processing of food and are considered itapbin fat detection. Some salivary
proteins (mucins), enzymes (amylase) and ions baee suggested as key components in in-
mouth emulsion destabilisation. These componemsyoavoke flocculation and coalescence
by depletion phenomena and/or by electrostati@aeton and can hydrolyse the emulsion
stabilisers (starch) located either at the surfatehe oil droplets or in the continuous
medium. However, these effects are related to ype tand concentration of emulsifying
proteins at the oil-water interfaces.

Vingerhoads et al. showed flocculation phenomerner ahixing W/O emulsion with real
saliva (Vingerhoeds, Blijdenstein, Zoet, & van Ak&®05). The researchers observed that
these phenomena were subject and product depemderdgover, aggregation was observed
with whole saliva but not with parotid saliva, seging the role of mucins as the main

component in saliva responsible for the observedreagation. This role of mucins on
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emulsion destabilisation was described recentlyumerous studies. Altogether, these studies
concluded that flocculation was caused by a depletimechanism and that
adsorption/association of mucins onto the emulsiooplets was related to the type of
emulsifying proteins at the oil-water interfacesl gmobably driven by the overall net charge
at the droplet’s oil-water interfaces at neutral (Mihgerhoeds, Silletti, de Groot, Schipper, &
van Aken, 2009; Silletti, Vitorino, Schipper, Amad® Vingerhoeds, 2010; Sarkar, Goh, &
Singh, 2009).

Alpha-amylase is the single most abundant proteinparotid saliva and a prominent
component of whole-mouth saliva (Carpenter, 20TBg role of alpha-amylase can be two-
fold. First, alpha-amylase can associate with aolgion favouring droplet aggregation, thus
contributing to the modification of the food bolgsructure and then texture perception
(Silletti, et al., 2010). Second, alpha-amylase legarolyse food containing starch, resulting
in a loss in viscosity of the product in the moQ¢#n Aken, et al., 2007). This action was
observed on mayonnaise durimgvitro experiments. The consequence is a higher luboitati
due to a higher release of fat from the matrixragtarch digestion by alpha-amylase (de Wijk
& Prinz, 2005; de Wijk, Prinz, Engelen, & WeenerQ02). Underin vivo conditions,
preliminary results presented in a recent revieamsd significantly reduced stability when
starch emulsions (but not caseinate emulsions) wixed with saliva due to the enzymatic
action of alpha-amylase (Chen, 2015). The authds® @onclude that this colloidal
destabilisation may lead to a rough and wateryatens

It has been shown that interaction between emuldroplets and saliva was not limited to
mucins or alpha-amylase but also involves othevaal proteins in the molecular mass range
of 10-100 kDa such as polymeric Ig receptor and-noséecular-weight protein fractions
(Silletti, et al., 2010). However, the large amowftsalivary proteins associated with the

droplets raises several questions regarding th&enaff the interactions involved and nature
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of the proteins. In particular, proline-rich pratgei(PRPs) are the most abundant proteins in
stimulated saliva. With an isoelectric point of 49610 (depending the type of PRP), they can
be either positively or negatively charged andsthetan contribute significantly to droplet
aggregation/repulsion.

In addition to proteins and enzymes, saliva is aldoin positively or negatively charged ions
that could play a role in emulsion destabilizatchnring oral processing. This role has been
investigated by Sarkar et al. on O/W emulsions Watitoferrin or beta-lactoglobulin as the
interfacial layer (Sarkar, et al., 2009). The aulghowed that lactoferrin-stabilized emulsion
droplets (positively charged at the salivary pHpwbed considerable aggregation in the
presence of salts (anionic) due to their screeeifigcts. This salt-induced aggregation was
reduced in the presence of mucin at different cotmagons. Based on this result, the authors
proposed an elegant mechanism describing the kequih between ions and mucins and
droplet aggregation for lactoferrin-stabilised esmh. Interestingly, this mechanism was not
observed for the beta-lactoglobulin-stabilised emau, which is negatively charged at
salivary pH, suggesting a major role of anionidssal

Salivary composition impacts food bolus structutech will affect tactile perception.

2.3. Food oral processing in relation to bolus fation and fat perception
This section will present the different steps obdooral processing with their associated

physiological parameters and the resulting impadiat perception.

Tongue pressure and frictional effects
Upon swallowing an emulsion, the tongue is pressgainst the oral palate, producing a
frictional effect (Malone, Appelgvist, & Norton, 88). The shear forces destabilize the

emulsion in a product-dependent manner (oral-psagsemulsions stabilised with less
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emulsifier resulted in larger coalescence phenoédnacontrast, although emulsions with
solid fat (palm oil) had a greater tendency to mbltger structures than emulsions with
sunflower oil duringin vitro experiments, this phenomenon was not observedad bolus
formation, likely because of the instantaneous imglof palm oil in the mouth (Dresselhuis,
de Hoog, Stuart, Vingerhoeds, & van Aken, 2008k&ag& Singh, 2012). Thus, the role of
tribology in the field of the oral processing obfbis gradually gaining importance (Sarkar &
Singh, 2012). Howevein situ measurements of the shear stress and rate areuldito
obtain; evaluation of these parameters has beempted through sensory experiments on
various products (Shama, Parkinson, & Sherman, ;1$hama & Sherman, 1973). The
authors concluded that a wide range of shear ratas involved, extending from
approximately 10 S to over 1000 €. The operative shear rate depended on the flow
characteristics of the food, being much higher Visicous foods than for fluid foods. For
example, the shear rates occurring in the mouthedrrom 5 & for products such as hard
margarine to 37 5for more fluid products such as tomato ketchupl@ve, et al., 2003). In a
similar study, 3 groups of sensory attributes welentified (Kokini, Kadane, & Cussler,
1977). The first group, exemplified by “thickneswias closely associated with viscous force;
the second group, characterized by “smoothnesss, associated with the frictional force
caused by contact between the tongue and roofeamtbuth; the third group, as suggested by
“slipperiness”, was most closely associated wittombined force involving both frictional
and viscous components.

Tongue pressure and frictional effects impact fdmmlus structure and fat perception

differently according to food composition and stue.

Mouth coating and oral clearance
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Mouth coating is the result of the action of sgligeal movement and swallowing due to the

pressure of the tongue to the soft palate.

Evaluating oral coating after O/W emulsion consumpts of high interest because it impacts
directly on the fatty after feel perception. Usi@gWV emulsions, Camacho et al (Camacho,
van Riel, de Graaf, van de Velde, & Stieger, 20ddncluded the following: (i) a direct
positive relationship exists between the amounipad ingested and level of coating; (ii) a
rapid oral clearance of the oral surfaces was @bsgeafter spitting; (iii) a higher coating was
evident on the back of the tongue than on the foorateral; and (iv) an important effect of
the stabilizer and thickener was exerted on coatimgparticular, the authors showed that
emulsions with a higher thickener concentratioreadahigher on fattiness. This finding
suggests that thickeners might create a lubricaéipgr on the tongue, thereby decreasing the
friction and increasing fatty after-feel (Camaclien Hollander, van de Velde, & Stieger,
2015). For margarines differing on the level of &atd fat type (vegetal or mix), similar
experiments were conducted using fluorescent prqPestte, et al., 2014). Significant
differences between products were observed regardiiethe time of the measurement, with
pure vegetal spreads coating the tongue more thenmix products. Moreover, high-fat
spreads coated the tongue more than low-fat spreadsthe coating was higher at the back
of the tongue than at the front and lateral p#iitsally, the oral clearance of fat was linked to
salivary flow. This is an interesting result shogvisimilar tongue coating with w/o emulsion

and o/w emulsion. It is likely that the fatty afferel after swallowing is also impacted.

Mouth coating and oral clearance depends on enmmuisimicture and impact fatty after feel

sensation.

Oral volume and oral residence time
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Surprisingly, the oral volume was rarely investeghin oral-processing behaviour, although it
may be the dominant factor in determining the ergeasurface in the oral cavity. The oral
volume varies significantly among individuals wigm overall mean of 38.6 + 10.5 ¢m
(Feron, Ayed, Qannari, Courcoux, Laboure, et &14). Regarding O/W emulsions, the oral
volume was directly and negatively correlated wihsensitivity (Poette, et al., 2014). The
influence of the oral volume on sensory perceptias already been highlighted for model
cheeses, showing a negative correlation betweeor#hieolume and rate of aroma perception
(Guichard, et al., 2017), which was explained lajlation effect.

The oral residence time of the product in the mdat never been directly related to sensory
perception, but it depends on the product’'s progerin the case of liquid or semi-liquid
food, the duration of oral processing is normaltprs. Considering 28 semi-solid products,
Chen and Lolivret showed an average oral residéneefrom 1.6 s for yoghurt to 7.7 s for
honey (Chen & Lolivret, 2011), and Camacho et ahneined 25 subjects and found an
approximate value of 8 s for the oral residenceetiior O/W emulsions (Camacho, Liu,
Linden, Stieger, & Velde, 2015).

Oral volume impacts the dynamic of aroma releasktha resulting olfactive modality of fat

perception.

Heat transfers and melting

The melting of emulsions in the mouth occurs imragy after ingestion of the product. It
results from the rapid transfer of heat from theuthcoral surface to the product, leading to
the perception of coolness (Galindo-Cuspineral.eR@17). Melting depends on the crystal
structure and nature of the fat in the productth@ case of spreads, melting leads to the
immediate inversion of the emulsion, from W/O taAD/Andeed, it has been shown that if the

droplet size exceeds 30 um in diameter, some dsopl#l join to form channels or ‘lakes’.
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Eventually, the water phase may become continuatsgloral processing (i.e., inversion of
the emulsion may occur). On the other hand, ifwlager droplets are too small or are highly
stabilized, the phase inversion in the mouth unlderinfluence of shear and added aqueous
phase (saliva) will not occur or will occur too wlg. Such spreads will have an unpleasant
gummy mouth feel. The cooling sensation becausealiing fat will also be absent (Keogh,
2006). The melting rate and softening of margariaes directly linked to the level of
crystallised fat. Therefore, products containingrenorystal fat will be perceived to melt
slower than products containing more liquid oil (Bx al., 2003). Moreover, when high-
melting-point (above mouth T°) triglycerides (HMTage used in margarine or butter, they act
as a barrier that prevents the coalescence ofe@mfeogh, 2006). This point is particularly
relevant considering the in-mouth inversion phaseWdO emulsions leading to O/W
emulsions because these HMTs will behave as saliicfes (likely with different shapes and
sizes) floating in a liquid phase. This behavioan dead to the perception of rough,
heterogeneous and granny attributes.

Melting depends on fat nature and impacts thel¢éactodality of fat perception.

2.4. Physiological parameters explaining interindividdéferences in fat perception and
liking

Due to the great impact of saliva on food bolusmation, inter-individual differences in

saliva composition should impact fat perceptiongé&lan et al. investigated how variations in
salivary characteristics affect the sensory peroepbdf semi-solid products: in this case,
mayonnaise and custard dessert by eighteen sulffeotelen, et al.,, 2007). The results
obtained for mayonnaise showed that a high saliyaotein concentration is negatively

associated with low oily and sour flavours, a thackd smooth texture, followed by sticky and
fatty after feels. A high mucin level increased tleterogeneity and decreased the prickling

mouth feel, and a high alpha-amylase activity irtlia low prickling mouth feel and creamy
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after feel. High protein concentrations could pblgsinduce a decrease in the viscosity of the
product (through enzymatic breakdown), hindering thrmation of a fatty layer on the
mucosa and leading to a low thickness sensatiom s@&hva composition can impact in-mouth
aroma release through enzymatic reactions occumirtige mouth between salivary proteins
and aroma compounds (Ployon, Morzel, & Canon, 20t ZThrough hydrophobic interactions
as demonstrated in model systems between mucialplba-amylase and aroma compounds
(Canon, Pages-Helary, & Guichard, 2014; Pagés-iékardriot, Guichard, & Canon, 2014).

If a decrease in aroma release has been demodsinétee presence of salivary proteins, the
direct relationship between salivary protein coniion and aroma perception has not been
established yet.

Sensitivity to fat has also been related to the memof fungiform papillae (FP) present on the
tongue with potential consequences on fat intakaclitsheim & Schlich, 2014). Individuals
with a high FP (HFP) count were more sensitivehtofat content and tended to consume less
fat than individuals with less FP (LFP) when evéhg high-fat margarine and milk. These
differences in the sensitivity to fat as relatedhte number of FP and how they correlate to
food intake were not observed for cheese or sau3dmgeauthors suggested that FP could be
involved in modulating sensory attributes spedificpreads and milk such as creaminess and
melting. Interestingly, the authors showed a negatiorrelation between the salivary flow
(SF) and number of FP. This observation suggestsrtdividuals with a low SF may have a
lower oral clearance after spread consumption, given the higher number of FP present,
these individuals are likely more sensitive toyigteasy attributes (Nachtsheim & Schlich,
2014).

Differences in saliva composition and FP inducéedénces in fat perception.

3. Conclusion
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Based on the information presented, a general mérhacan be proposed for the breakdown
of spreads in the mouth leading to fat percepiiovplving first a melting phase, followed by
an inversion phase and then bolus formation andiemiag (Figure 1).

Insert Figure 1

The melting phase begins as soon as the emulsion is placed in thehmin the case of W/O
emulsions, the emulsion is inverted, and the psxgref this inversion is driven by the
physico-chemical properties of the fat, particylatie fat concentration, type of fat present
and crystal structure. Thus, the solid fat conterdn important parameter because it drives
the cooling sensory descriptor, which appears tarbemportant attribute for product liking.
In terms of physiological variables playing a raotethe melting phase, it is difficult to find
supporting data in the literature. However, we pespose that the oral volume and tongue-
plate compression contribute to favour heat traresfie, thus, to emulsion melting.

In the case of W/O emulsions, timeversion phase often occurs at the same time as the
melting phase, and the rate of this inversion istradled mainly by the product’s physico-
chemical properties, particularly the level of &g well as emulsifiers and stabilizers. The
difficulty is to find the good balance in termsmagltability and emulsion stability that would
lead to a desirable mouthfeel. Having fat crystihaéd do not melt in the mouth will lead to a
waxy feeling. Furthermore, if water droplet stails too high, inversion does not occur, and
the taste/aroma release will be affected. If thbibty is too low, the inversion is too fast, and
the creaminess will decrease. In addition to otbleysiological variables involved in the
melting phase, a high salivary flow may favour nméng and, thus, inversion. At the end of
this phase, we have an O/W emulsion composed pfviter, aroma and taste compounds,

food additives and also a significant amount afveay components.
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During bolus formation, which starts with the breakup of the emulsiorthe mouth and
continues after phase inversion and until swallgwiaoral processing events are similar to
what is observed for O/W emulsions. Food oral pgergy consists mainly of flocculation and
coalescence phenomena, leading to a food bolusighag¢terogeneous and viscous. These
phenomena will directly impact sensory perceptiparticularly creaminess, roughness and
fattiness and, thus, liking. In this phase, the @il the individual’'s physiology is highlighted,
particularly the salivary flow (effect on oral coag), salivary viscosity (effect on droplet
size) and some salivary components, such as alplgase, mucins, ions (effect on droplet
flocculation and coalescence) and PRP. Concerhagtoduct, the fat level, quality, product
stabilizers and thickeners are important for thaulsion breakup in this phase. However,
aroma composition and, thus, aroma release dudad bral processing are also important
drivers of fat/spread perception and, thus, likeghighlighted previously. Some aroma notes
can contribute positively to liking (e.g., creanmdabuttery), but others contribute negatively
to liking (e.g., greasy notes). The dynamic of amoralease that depends on the solid fat
content (the higher the solid fat content is, tlogver the aroma release is) and the dynamic of
the amount of product remaining in the mouth argeds of the dynamics of perception.
Controlling the release of the different aroma commls during bolus formation and
swallowing will lead to a well-balanced aroma p@tean, contributing positively to liking.
The remanence of off-flavour aroma compounds in theuth will contribute to an
undesirable after taste and a low liking. Most img@otly, the interactions among the different
perceptual modalities (texture, taste, aroma, appea and perhaps even sound) involved in

fat perception must be considered for the globe¢ptability of fat-containing products.

4. Futuretrends
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The main outcome from this review is that consussgmentation from a physiological view
should be primarily based on the melting and ineerphases for O/W emulsions because,
together, they constitute the first dynamic evemten the product is placed into the mouth
and contribute to the emulsion breakup, leadinth&ofirst sensory sensations. Considering
the previous conclusion and limited work publishethis area, there is a need for a thorough
investigation of the melting and inversion phades play a crucial role in bolus formation
with consequences in sensory perception and likmgarticular, the relationship between the
melting phase, inversion phase, cooling perceptaiture and structure of the fat phase and
how they affect the emulsion breakup and oral belawneeds to be explored through a
mechanistic approach at different levels, from ti@ecular to the more global oral system.
This investigation can allow prioritization of tlkfferent physiological oral characteristics
(oral volume, oral surface exchanges) that drivis #tep and explain inter-individual
consumer differences.

A secondary outcome is that mouth feel is anotimgortant sensory sensation contributing to
the global liking of the product. Mouth feel is hlg related to mouth coating and oral
clearance. Thus, there is a need to investigatelylédee mechanisms occurring during bolus
formation and how differences in physiology affesbuth coating and clearance. While
several literature reports have been publishecherrdle of saliva in perception, the relative
impact of salivary proteins, fungiform papilla, isaly flow, mucosal pellicle and PROP
sensitivity on fat liking has not been fully eluatdd yet.

Third, understanding the olfactory contribution fet perception should account for the
different aroma molecules with fatty notes, theiolecular interactions with fat, salivary
proteins and impact of food oral processing on dyinaaroma release and dynamic sensory

perception.
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671  Finally, fat should be considered as a multimodateption; thus, the relative contribution of
672 the different modalities (olfactive, gustative atattile) underlying to fat liking must be
673 unravelled. Due to the growing development of cbgai neurosciences to unravel
674 multisensory integration, the mechanisms leadingntdtimodal interaction could now be
675 envisaged at the central level. Brain imaging appines could provide better insights into our
676 understanding of the brain processes implied intimatdal interactions and their impact on
677 the holistic perception of flavour and subsequind.
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Figure caption

Figure 1: proposed mechanisms describing the difteoral events occurring during
consumption of spread and their putative impactemsory attributes.
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