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Abstract

Upon consumption food emulsions undergo various structural and compositional
changes in the mouth. One of these changes is that mixing of an emulsion with saliva
induces droplet flocculation

In the study described in this thesis we investigated the influence of saliva on emulsions
properties, the mechanism of flocculation and the role in sensory perception. Firstly, we
started with evaluating the effect of parameters related to emulsions on flocculation (i.e.
differently charged surfactants and proteins such as B-lactoglobulin and lysozyme used
as emulsifiers and oil-volume fraction). Among the obtained results, we observed that
the sign and the density of the charge on the surface of the droplets determine the (ir-
)reversibility of flocculation upon dilution with water and shearing. Secondly, the effect
of saliva-related parameters was analyzed. Among other aspects, it appeared that an
increase in salivary protein concentration increased emulsion flocculation, and that
extensive flocculation is typically found for unstimulated saliva. This approach shows
that both emulsion and saliva properties affect the flocculation behavior of
emulsions/saliva mixtures.

To investigate the nature of the flocculation, we characterized the salivary protein
composition in both the continuous phase of the emulsion/saliva mixture and on the
emulsion droplets. Different physical-chemical and biochemical techniques were used.
For this approach, we focused on B-lactoglobulin and lysozyme stabilized emulsions,
which flocculated reversibly and irreversibly, respectively, upon mixing with saliva. A
large number of salivary proteins and peptides in the molecular mass (M,) range
between 0.8 kDa and 100 kDa and the salivary mucins MUC5B and MUC7 (M, > 200
kDa) associated with emulsion droplets of the emulsions. The results also indicate that
the emulsifying protein at the oil-water interface determines which salivary components
associate with the droplets in the flocs. A hypothesis is formulated that emulsion
flocculation is mainly driven by a complex formation involving specific interactions
and electrostatic attraction between salivary peptides/proteins and the emulsifying
proteins at the droplets surface.

The importance of the saliva-induced droplet flocculation was demonstrated with a

sensory paneling study. Emulsions stabilized by whey protein isolate, (predominantly



composed of B-lactoglobulin) showed reversible flocculation and were perceived as
creamy. In contrast, emulsions stabilised by lysozyme showed irreversible flocculation
and were perceived as dry, rough and astringent.

To conclude, this thesis shows that saliva-induced emulsion flocculation is driven
mainly by association of salivary peptides and proteins to the droplets surface. Because
of this, flocculation is determined by the composition of the droplet interface as well as
the composition of the saliva, and can be controlled by variation of emulsion
parameters (charge, pH, ionic strength). This interaction between emulsions and saliva

may help to improve our understanding an control the sensory perception of emulsions.

Keywords: Emulsion, flocculation, bridging, saliva, salivary protein, salivary peptides,

lysozyme, B-lactoglobulin, complex formation, LC-MS, SELDI-TOF-MS, proteomics.
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Chapter 1
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Chapter 1

The research presented in this thesis is part of a multi-disciplinary project which aims at
understanding the relationship between the structure of food emulsions under oral
conditions and their sensory properties. The human perception of food products, e.g.
emulsions, is becoming increasingly important for the food industry in relation to product
design and evaluation. Nevertheless, a gap in the knowledge between emulsion properties
under oral conditions and perceived texture is present.

Saliva plays an important role in digestion of food, formation of the bolus (consisting in
masticated food, shaped in a round mass by chewing and mixing with saliva), sensory
perception and flavor release [1-5]. However, most of the studies addressing sensory-
physical chemical relations, do not consider the changes taking place during oral processing,
which in our view, is fundamental to understand the sensory behavior of a product. This
thesis focuses on gaining knowledge on the effect of saliva on emulsion properties.
Physical-chemical and biochemical approaches were used to study the influence of saliva
on the changes in the structure of food emulsions upon mixing and to investigate which
salivary components, i.e. proteins and peptides, are likely to play a role. Furthermore,
sensory analysis was performed as a tool to relate the behavior of the emulsion observed in
vitro, with perception in vivo.

This chapter provides an overview of several aspects of emulsions, including stability and
rheological characteristics. Moreover, an introduction of saliva composition, structure,
functions and rheology is presented. Lastly, the aim and the outline of this thesis are

described.

Emulsions

Emulsions are mixtures of at least two of immiscible liquids one of which is dispersed as
droplets in the other, which forms the continuous phase. In everyday life, emulsions have
numerous applications such as in inks, paints, coatings, latex preparations and food.
Examples of food emulsions are milk products, mayonnaises and margarine which can be
prepared as oil in water (o/w) or water in oil (w/0) [6]. In this study, o/w emulsions were
stabilized mainly by proteins and in some cases, by surfactants (Chapter 2). Chicken egg-
white lysozyme and bovine B-lactoglobulin (B-lg) have been largely used to stabilize
emulsions throughout the whole study. Lysozyme is a 129 amino acid residues enzyme

with a molecular mass (M,) of approximately 14.3 kDa constituting about 3% of the total



chicken egg-white proteins content. It is a small ellipsoid molecule, with a high isoelectric
point (pI ~10.5) [7, 8] and has a slight tendency to form dimers when in solution at neutral
pH [9]. Bovine B-lactoglobulin is a major whey protein abundant in cow’s milk [10, 11]. It
consists of 162 amino acid residues with a M, of about 18.2 and a pl of about 4.9. At
neutral pH, bovine B-lg forms a dimer, while a monomeric native state is stable at pH

values below 3 [12].

Preparation and stability of emulsions

Emulsion preparation necessitates oil, water and emulsifiers. Because of the existence of a
surface tension between oil and water, the formation of the droplets requires energy [6].
Droplets resist deformation and break up because of their Laplace pressure, which becomes
larger as droplet size decreases. The required energy, which is generally provided by
intense agitation using a homogenizer, can be reduced if the interfacial tension, hence the
Laplace pressure, is reduced by addition of emulsifiers. Because the system contains an
excess of free energy, emulsions are unstable. This means that, with time, emulsions will
tend to separate into the two phases, e.g. an oil(y) and an aqueous phase. In practice,
complete separation of all oil from the liquid phase, also called continuous phase, can be
prevented by using different ingredients which increase emulsion stability. Stability of
emulsion is achieved if creaming, coalescence and flocculation, as illustrated schematically
in Figure 1, are prevented to occur [13].

Creaming refers to the movement of emulsion droplets to the top of a container. Apart from
the difference in density between the dispersed and the aqueous phases, one of the
important factors affecting the creaming rate is the size of the droplets since large droplets,
as well as aggregates, will cream faster than smaller droplets. Generally, emulsions with
droplets smaller than 1 pum may be considered stable with respect to creaming [14].
Creaming can also be prevented by increasing the viscosity of the continuous phase,
through addition of so-called thickeners. Thickeners are polymers added to create a network
around the droplets which physically prevents the droplets to move.

Coalescence indicates the process that occurs when emulsion droplets encounter each other
and merge to form a larger one. Therefore coalescence is primarily impeded by providing
electrostatic or steric repulsion between droplets in order to avoid close contact of the

droplets.
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Figure 1 — Stable emulsion compared to the main types of emulsion instability, i.e. coalescence,

creaming, and flocculation.

A third type of instability, which, for example, is observed upon mixing emulsion with
saliva, is flocculation. In flocculated emulsions the droplets remain at close distance for a
prolonged period of time, without rupture of the thin film that separates them. Several terms,
1.e. flocculation, coagulation, aggregation, are used as synonyms in literature. Aggregation
is mostly used as a very general term, while flocculation and coagulation often indicate
various types of aggregation according to the degree of reversibility. Flocculation refers to
reversible aggregation, as for example by depletion, whereas coagulation implies
irreversibility [15]. However, bridging flocculation is also used to indicate irreversible
aggregation caused by adsorption of (bio)polymers to different emulsion droplets. In this
thesis, flocculation is used as a general term to indicate the phenomenon of aggregated

droplets irrespectively of the reversibility of the process.



Emulsion flocculation by depletion and bridging

Addition of polysaccharides or polymers to a colloidal system has been observed to induce
flocculation as schematically represented in Figure 2. Depletion flocculation of emulsions
is caused by a solution of non-adsorbing polymer molecules. The center of mass of the
molecule cannot approach the droplet surface closer than a distance of about its radius of
gyration. If the separation distance between the droplets is smaller than the diameter of the
polymer, a region of pure solvent, called depletion zone, occurs. The resulting difference in
polymer concentration between the depletion zone and the bulk solution leads to an osmotic
potential. A movement of solvent from the depletion zone into the bulk, to reduce the
concentration gradient, induces an attractive force between the droplets [16]. The depletion

interaction free energy (Gyep) for two particles of radius a is given by

Gap=-1 R’y (2a + 4 R,/3) I f{h) Eq.1

where R, is the radius of gyration of the polymer, /7 is the osmotic pressure of the polymer
solution and f{/) is a function that decreases from unity at zero separation of the particle
(h=0), to zero for large particle separations (h>2 R,) [17]. The thickness of the depletion
zone, which depends on the radius of gyration, is a measure of the range of the depletion
interaction. Therefore, the larger the non-adsorbed species are, the more long-ranged is the
force and the lower the critical polymer concentration necessary to induce flocculation is.
In addition to R, the shape of the non-adsorbing macromolecules was found to play a role
in depletion flocculation [18, 19]. Other important parameters are the concentration and M,
of the polymer, which affects /7, and the emulsion droplets radius a, as indicated in
equation 1. Increasing the polymer concentration adds to the osmotic pressure leading to an
increase of the depletion effect [16]. An increase in the M, of the polymer causes at first an
increase in depletion, and then a decrease. Furthermore, for a given polymer, depletion was
observed to increase with the particle size.

Several examples of emulsion flocculation caused by depletion are reported in literature. In
particular, the influence of polysaccharides on the stability of food-related emulsions at pH
values close to 7 has been extensively studied [20-24]. Polysaccharides as guar gum,
methylcellulose, dextran, xantan gum are very often used in studies regarding instability of

emulsions through depletion.
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Depletion flocculation
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J‘l Non-adsorbing polymer
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Figure 2 — Schematic representation of depletion and bridging flocculation.

Moreover, depletion may as well be caused by fibrillar protein assemblies [25] and micelles,
for example casein micelles [26-28], where sub-micelles of 10-20 nm in diameter could
generate appreciable depletion forces.

In contrast to depletion, the basic principle of bridging flocculation consists, as above-
mentioned, in a polymer chain bridging two or more particles via adsorption to the particles
[29]. Evidence of the structures formed in this process has been obtained using transmission
electron microscopy (TEM). The results indicate a structure consisting of a large
filamentous polymer matrix holding small particles together in aggregates [30, 31]. It is
known that attractive interaction between adsorbed proteins at an interface, e.g. in o/w
emulsions, and the hydrocolloids present in the bulk phase can induce bridging [32].
Parameters such as chemical composition and charge of the polymer, as well as particle
surface charge and ionic strength of the medium, are important for polymer adsorption onto
the oil droplets. The result is usually the formation of a firm and irreversible drop-drop

bond which can grow to a range of relatively large sized aggregates (diameter > 100 pum)



[33]. In food-related systems, bridging flocculation has been reported for example in a
mixture of a B-lg emulsion and carboxymethylcellulose at pH 3 [34] and for bovine serum

albumin emulsions with 1-carrageenan [35].

Rheology of emulsions

The rheological characteristics of emulsions are of considerable importance from both
fundamental and applied points of view because they relate to the interaction forces
occurring in the system. Several factors are affecting emulsion rheology. The volume
fraction of the dispersed phase (@), which in most food emulsions varies between 0.01 and
0.4, and the viscosity of the continuous phase (7)), are the most important ones. Low oil-
volume fraction o/w emulsions, as in this study, behave Newtonian, i.e. the viscosity (7) is
independent of the shear rate [36], since the influence of colloidal interparticle interactions
is negligible. The viscosity of emulsions for non-interacting oil droplets and ¢ up to 0.2 can

be calculated, for example, using Batchelor equation [37]

n=1no(l+2.5¢+62¢°) Eq.2

where 7 is the viscosity of the continuous phase.

In case of flocculated emulsions, e.g. by saliva, the rheological behavior depends on the
type and strength of the interaction between droplets as well. As known from literature,
flocculation of emulsion droplets affects the viscosity by increasing the effective volume
fraction, as result of liquid entrapment in the floc structure. Flocculated emulsions exhibit,
initially, a higher viscosity than non-flocculated and, with the increased shear rate, a shear-
thinning behavior [27]. In flow-curve measurements, the viscosity decreases, until it
reaches a Newtonian plateau. This behavior can be explained considering the structure of
the system. When a shear force is applied to a flocculated emulsion, the aggregate
structures are disrupted leading to a reduced effective volume fraction and consequently a
lower viscosity. Since flocculated emulsions are viscoelastic, oscillatory measurements are
commonly used to assess the storage modulus (G’) and loss modulus (G”) [27, 34, 38-40].
G’ and G” are the elastic and viscous components of the complex modulus, corresponding
to the energy stored and dissipated in a cycle of oscillation, respectively. When emulsions

flocculate, a rapid increase in the storage modulus occurs [39] since G’ is determined by the
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attraction between the droplets. Therefore changes in the linear viscoelastic region where
G’ and G are constant with the strain amplitude, may be used as indication of flocculation.
In particular, a decrease in the critical strain above which the structure breaks down as well
as an increase of G’, may be seen in case of strong flocculation. Furthermore, as reported
by Blijdenstein [34], both depletion and bridging can be distinguished by comparing the G’
behavior over the applied deformation range. Depletion flocculation shows a gradual
decrease in G’ with the applied strain, while bridging flocculated emulsions show higher G’
and a sudden decrease at larger strain [34].

More extensive information about fundamental principles and application of rheology to
study emulsion flocculation can be found, for example, in two useful papers by Tadros [39,

40].

Saliva

Saliva has multifunctional roles in speech, lubrication, digestion of food and maintaining
oral and general health [41, 42]. Interest in saliva increased even more with the finding that
saliva contains components that may serve to detect systemic disease or evidence of
exposure to various harmful substances, as well as provide biomarkers of health and disease
status [43-45].

Human saliva is mainly composed of water, proteins and inorganic and trace substances [42,
46, 47]. It is produced by the contra-lateral major glands, i.e. parotid glands (PAR),
submandibular glands (SM), and sublingual glands (SL), and minor salivary glands present
in the mucosa of the tongue (Von Ebner glands), cheeks, lips and palate (Pal) [48, 49]. The
glands differ in the type of secretion they produce, which is caused by the ratio of serous to
mucous glandular cells. Serous cells in PAR, SM, Pal and lingual glands secrete a watery
fluid, essentially devoid of mucus; this secretion is strongly activated by stimuli. Mucous
cells, present in SM, SL, labial (Lab), Pal and lingual glands, produce a mucus-rich
secretion. The amount and composition of secreted human saliva depends on many factors,
such as flow rate, circadian rhythm [50-52], type and size of the salivary gland [53, 54],
duration and type of the stimulus [55-57], diet, drugs, age, gender and blood type [58, 59]
and physiological status [60]. Secretion of saliva ranges from 0.3 to 7 mL saliva per minute
[61] with about 0.5-1.5 L of saliva secreted per day [42]. Saliva pH can range from 6.2 to

7.4, with the higher pH exhibited upon increased secretion. Several methods have been



suggested to collect resting (unstimulated) and stimulated saliva [54, 62]. Most commonly,
saliva is collected by draining or spitting into a tube, or chewing on an absorbent material.
Collection of pure glandular secretions is possible with the use of special collection devices,

for example the Lashley-cup for collection of parotid saliva.

Biochemical characterization, protein composition and function of salivary

proteins

Human saliva contains a large array of proteins and peptides with a total concentration
varying in the range 1-2 mg mL™. Although the major families of salivary proteins have
been studied by conventional biochemical strategies (Table 1), the exact number of proteins
and peptides is not precisely known.

Nowadays, analysis of salivary proteins/peptides is conducted using proteomic techniques.
Several investigators have used two-dimensional (2D) gel electrophoresis to separate the
protein components followed by mass spectrometry (MS) to subsequently identify the
peptides produced from in-gel digests of the proteins of interest (2D-MS) [63-67]. With this
approach more than 300 proteins were identified. Although 2D-MS is a very powerful
approach to protein separation, it has limitations when dealing with small M, proteins,
highly acidic or basic proteins, very hydrophobic proteins or proteins present in low
quantity. In addition, the technique requires a relatively large amount of sample, is labor-
intensive, and high gel-to-gel reproducibility is hard to achieve [62]. An alternative
approach is the combination of liquid chromatography (LC) as the separation step, with the
mass spectrometer (LC-MS) [67-71]. Using both 2D-MS and LC-MS, more than 1050
proteins in whole saliva have been identified [72]. Lists of different salivary proteins, with
information about database accession number, pl, M, can be found in several proteomics
pubblications [63-65, 67] or at the websites of the Human Salivary Proteome Project (HSPP)
of the UCLA at the address www.hspp.ucla.edu/cgi-bin/search.cgi. A summary of the

proteomic techniques used to investigate saliva and different salivary secretions is provided

in Table 2.
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Chapter 1

Table 2 — Global analysis of salivary protein/peptides using proteomic techniques.

Method Number of Proteins/peptides Assigned *Ref
peaks/spots
detected
Whole saliva
HPLC-MS Not indicated Basic PRPs [109]
HPLC-MS 33 Defensins, histatins, PRPs and statherin [65]
2-DE coupled to 101 Albumin, a-amylase, calgranuline A, calgranuline B, [63]
MALDI-TOF-MS cystatins, fatty acid binding protein, Igs, lipocalin-1,
lysozyme, prolactin, Zn-a-2-glycoprotein and others
2-DLC-MS/MS 102 Albumin, a-Amylase, calgranulin A, calgranulin B, [110]
carbonic anhydrase VI, cystatins, fatty acid binding
protein, Igs, kallikrein, lacto-peroxidase, lactotransferrin,
lipocalin-1, lysozyme, prolactin, PRPs, statherin , Zn-o-
2-glycoprotein and others
2-DE coupled to 110 Albumin, a-Amylase, calgranulin B, cystatins, lipocalin-  [111]
MALDI-TOF-MS 1, myosin heavy chains, Zn-a-2-glycoprotein and others
2-DE coupled to 138 Albumin, a-amylase, cystatins, statherin, calgranulin A [66]
MALDI-TOF-MS,
ESI-QoTOF-MS
2-DE coupled to 192 Actin, Albumin, o-Amylase, calgranulin A, calgranulin [112]
MALDI-TOF-MS B, carbonic anhydrase VI, cystatins, fatty acid binding
protein, Igs, kallikrein, lacto-peroxidase, lactotransferrin,
lipocalin-1, lysozyme, prolactin, PRPs, statherin, Zn-o-2-
glycoprotein and others
2-DE coupled to 200 Albumin, a-amylase, calgranulin A, cystatins, Igs, [113]
MALDI-TOF-MS, lactotransferrin, prolactin, PRP, Zn-a-2-glycoprotein
oMALDI-QqTOF- MS/MS and others
2-DE coupled to >200 a-Amylase, calgranulin A, calgranulin B, carbonic [65]
MALDI-TOF-MS anhydrase VI, cystatins, fatty acid binding protein,
histatins, Igs, lysozyme, prolactin, Zn-o-2-glycoprotein
and others
Capillary LC coupled to 266 Albumin, a-amylase, calgranulin A, calgranulin B, [67]
ESI-Q-TOF-MS cystatins, cytokeratins, defensins, histatins, Igs,
kallikrein 1, lysozyme, MUC5B, MUC?7, phospholipase
C-beta-3, prolactin, PRPs, PRGP, salivary peroxidase,
statherin and others
2-DE coupled to > 300 Albumin, a-amylase, cystatins, cytokeratins, fatty acid [67]
MALDI-MS and binding protein, Igs, Zn-a-2-glycoprotein and others
LC ESI-Q-TOF-MS
Capillary Isoelectric 1381 Albumin, a-amylase, calgranulin A, calgranulin B, [114]
Focusing/NanoRPLC calgranulin C, cystatins, cytokeratins, defensins,

coupled to ESI-Q-TOF-MS

histatins, Igs, kallikrein 1, lipocalin, lysozyme,
phospholipase C-beta-3, prolactin, PRPs, superoxide
dismutase, thymosin (-4 and others

14



SELDI-TOF-MS

80 (CM10),
108 (Q10),
99 (H4),
118 (IMAC-
Cu)

Protein candidates: Albumin, calgranulin A, calgranulin
B, calgranulin C, cystatins, defensins, fatty acid binding
protein, histatins, kallikrein, lysozyme, PRPs, superoxide
dismutase and thymosin -4

[115]

Stimulated whole saliva

SELDI-TOF-MS Not indicated Protein candidates: Albumin, CA mucins, c-erbB- [45]
2,cystatins, EGFR, Igs, lactoferrin, lactoperoxidase,
Mm23, nNOS/NOS-1, P21 and Rb protein
PAR saliva
2-DE coupled to 55 Albumin, calgranulin B, cytokeratins, lysozyme, [66]
MALDI-TOF-MS, MALDI- histatins, phosphodiesterase and statherin
QoTOF-MS or ESI-QoTOF-
MS
2-DE coupled to 92 Albumin, carbonic anhydrase VI, cystatins,histatins, Igs, [64]
MALDI-TOF-MS, oMALDI- lysozyme, PRPs, PRG, Zn-a-2-glycoprotein and others
QqTOF- MS/MS and
MALDI-TOF/TOF- MS/MS
Stimulated PAR saliva
2-DE coupled to 58 Albumin, a-amylase, carbonic anhydrase VI, Igs, [112]
MALDI-TOF-MS lactoperoxidase, lactotransferrin, lipocalin-1, PRPs,
Zn-o-2-glycoprotein and others
SELDI-TOF- MS 81 o-Amylase, carbonic anhydrase VI, lactoferrin, B2- [43]
and/or 2D-DIGE microglobulin, Igs, lysozyme, cystatin C
Protein candidates: a-amylase, calgranulin B, cystatin S,
PRB2 and PRP
Stimulated SM/SL saliva
2-DE coupled to 63 Albumin, a-amylase, carbonic anhydrase VI, cystatins, [112]
MALDI-TOF-MS histatins, MUC7, PRPs, Zn-a-2-glycoprotein and others
Gengival crevicular fluid
HPLC coupled to ESI-MS 16 Albumin, cystatin A, defensins, basic PB salivary peptide [69]
and statherin
In vivo pellicle
2-DE coupled to MALDI- 138 Albumin, a-amylase, calgranulin B, cystatins, [66]
TOF-MS, MALDI-QoTOF- cytokeratins, histatins, phosphodiesterase and statherin
MS, ESI-QoTOF-MS
In vitro PAR gland
RP-HPLC coupled to ESI-MS 9 PRPs [70]
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Table 2 Continued

In vitro SM gland

RP-HPLC coupled to ESI-MS 13 Cystatins, histatins, lysozyme and PRPs [70]

RP-HPLC: reverse-phase high performance liquid chromatography, NanoRPLC; nanoflow reverse-phase
liquid chromatography 2DLC: two-dimensional liquid chromatography, MS.: mass spectrometry; MS/MS:
tandem MS; MALDI; matrix-assisted laser desorption ionization; SELDI: surface-enhanced laser desorption
ionization, TOF': time-of-flight; QoTOF: quadrupole/quadrupole time-of-flight; ESI: electrospray ionization;
2DE: two-dimensional electrophoresis; 2D DIGE: two-dimensional difference gel electrophoresis. “ Ref:

reference.

Saliva is mainly constituted of glycoproteins (e.g mucins, proline-rich glycoproteins),
enzymes (e.g., o-amylase, carbonic anhydrase), immunoglobulins and a wide range of
peptides such as cystatins, statherin, histatins and proline-rich proteins (PRPs) [42, 47, 116,
117]. Posttranslational modifications (PTMs), such as glycosilation, phosphorilation and
amino acids substitutions originate different salivary proteins isoforms [64, 71, 109, 117-
121], as for example observed in a-amylase or PRPs [71, 77, 109]. Increasing evidence
suggests that proteolysis, which occurs prior to or during secretion, can be considered a
common PTM of salivary proteins [87, 118]. Examples of proteolytic activity as PTM
involved histatin family members, as demonstrated by the identification of 60 small histatin
fragments with anti-fungal activity [64], statherins [95], PRPs [122] and cystatins [68].

In spite of the large efforts in saliva proteome studies, functions of most salivary
components are still poorly understood. A brief overview of the primary functions of the
main proteins in saliva is provided in Figure 3. Lubrication properties have been ascribed to
several salivary proteins, including mucins [78, 123, 124], statherin [125-128], amylase
[78], proline-rich glycoproteins [129] and acidic PPRs [125]. The role of carbohydrate
moieties in lubrication is unclear, and seems to be protein-dependent [78, 129]. Anti-
bacterial and anti-fungal properties are performed by small proteins as cystatins, histatins,
which together with mucins and immunoglobulin and the antimicrobial enzymes, i.e.
lysozyme, lactoperoxidase and chitinase, constitute part of the defense system present in the

oral cavity.
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Figure 3 — Schematic presentation of the main functions of saliva in the relation to its constituents

(from reference [130]).

Macromolecular organization of saliva

Already in the early decades of the twentieth century, it was acknowledged that saliva could
not be regarded as a simple solution, due to the presence of elastic threadlike components
[131-133]. In 1987, Schwartz hypothesized that saliva contains simultaneously different
phases, i.e. a liquid phase, a gaseous phase (bubbles) and gel phase [134] and a couple of
years later, Glantz suggested that saliva should be probably better classified as a fluid tissue
than as a solution [135]. At the end of the nineties, based on microscopy studies, Glantz
proposed a refined model for the structure of saliva [136]. According to this model, saliva
contains four levels of organization, (a) a continuous phase composed of electrolytes in
water, (b) lipoid material, bacterial and epithelial cells and two main structural features: (c)
a scaffold-like continuous network structure and (d) salivary micelles and/or other salivary
globular structures observed inside the saliva network filaments.

The network structure of saliva, which is mainly constituted of the high M, mucin MUCS5B,
was found in the bulk fluid, as well as on oral surfaces. The gel properties of the network
are attributed to entanglements of these mucin molecules [99, 137-139] most likely due to

hydrophobic and carbohydrate-carbohydrate interactions and calcium-mediated crosslinks
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[102, 140]. Besides MUCSB, other proteins, such as the secretory IgA (sIgA), lactoferrin,
lysozyme, MUC7 and the parotid agglutinin have been identified [103, 141]. Furthermore,
it seems that MUC7 and lactoferrin are present as small heterodimeric complexes isolated
in submandibular/sublingual secretion [101, 142].

The presence of globular structures lying within the network was first described using
microscopy techniques by Glantz and co-workers [135, 143], followed by publications
from Rykke and co-workers [144-146]. These globular structures, nowadays called salivary
micelles, have been identified in both PAR and stimulated saliva [145, 146] and have been
reported to have a negative surface potential at physiological pH [146, 147]. The micelles
consist of individual particles, or clusters of particles with different sizes and shapes [146,
148]. The size, as estimated by photon correlation spectroscopy and electron microscopy,
ranges from 40 to 400 nm [146, 148] and increases with time due to aggregation [145, 149].
The amino acid composition of salivary micelles differs from whole saliva [148, 150] but
largely resembles that of the acquired pellicle [144, 150] and PAR saliva, with the
exception of the high proline content [108]. According to Soares, who conducted the
experiments at acidic pH, the micelles are composed of MUC7, sIgA, lactoferrin, amylase,
glycosylated PRPs and lysozyme [148]

As above-mentioned, analysis of saliva structure has been mostly performed with scanning-
and transmission electron microscopy (SEM and TEM, respectively) [135, 145, 146, 151].
TEM is especially useful for determination of particles at the nano scale, as for example the
globular structures (100-200 nm) inside the saliva network. In this thesis, instead, another
microscopic technique, Confocal Laser Scanning Microscopy (CLSM), was used.
Flocculation of emulsions after mixing with saliva and the determination of complex
formation between saliva and positively charged emulsifiers was performed with this
technique as described in Chapter 3. Compared to electron microscopy, CLSM offers the
advantage that the sample can be studied without drying or freezing, which could induce
structural artifacts. However, some limitations of the technique may restrict the field of
application since for example, high magnifications, such as those obtained by TEM, cannot
be reached. As an example, the structure of saliva examined with both electron microscopy,

e.g. SEM, and CLSM is shown in Figure 4.
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Figure 4 — (Left) Fresh saliva determined with Cryo SEM. A drop of centrifuged fresh saliva was
rapidly frozen in liquid nitrogen, cut, ice crystal water was sublimated and two gold layers were
applied. The structure looks filamentous and very porous. (Right) CLSM image of centrifuged fresh
saliva of which the proteins have been stained with Rhodamine B. The large structures are clearly

visible.

Rheological properties of saliva

Whole saliva can be classified as a non-Newtonian fluid [134, 152-154]. The main reason
for the shear-thinning character of whole saliva is the presence of large glycoproteins, like
mucins, causing the above described weak gel character of saliva [155]. This is supported
by different studies showing that the viscosity of PAR saliva, which does not contain high
M, mucins, is shear rate independent with a viscosity slightly higher than that of water [153,
155]. In addition, treatment of saliva by homogenization destroys the weak gel and resulted
in a 3-4 fold reduction in viscosity [155]. The origin and type of mucin appear to play a
dominant role, i.e. the viscosity of SM and Pal saliva were shown to be hardly dependent
on the shear rate opposite to SL saliva showing a clear shear-thinning behavior [153]. Table
3 lists an overview of the reported viscosities of whole saliva as well as viscosities of saliva
from different glands.

Another parameter affecting saliva and mucin properties is the pH. The viscosity of salivary
mucins was greatest at pH 4 [155], while pig gastric mucin showed a optimum value at pH

2 [156], where the formation of large aggregates is occurring.
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Table 3 — Rheological parameters of whole saliva and different salivary secretions as reported in

literature.

Saliva origin Viscosity *  Elasticity **  Shear rate (s") Method * Ref.
and (mPa.s) (mPa.s) Frequency (Hz)
Stimulation Temperature (°C)

Whole saliva

None 2.5,100 Nd 955;35°C Low shear rheometer [152]

0.02s; 35°C (Contraves)

None 42 Nd 20s;37°C Low shear rheometer [155]
(Contraves)

None 1.5-1.6 0.6 1-300s"; 37°C Oscillating capillary [153]
rheometer (Vilastic)

None 1.6-1.8 0.5-0.8 1-300s™'; 23°C Oscillating capillary [157]
rheometer (Vilastic)

None 1.1 Nd 70 Hz; 25°C Couette-type [158]
(Contraves)

None 3.8-8.8 Nd 90s;37°C Cone-and-plate [159]

(mean 5.7) viscometer (Brookfield)

None 1.3 Nd 26°C Capillary rheometer [160]
(Cannon)

Chewing gum 10 Nd * 100s™; 25°C Weissenberg [134]
rheogoniometer (cone-
and-plate); dynamic
viscosity

Parafilm 1.9 Nd Ca. 50s";37°C Dynamic rheometer [161]
(ReoCue; Bohlin)

Parafilm 2.4 Nd 4505 20°C Cone-and-plate [162]

1.6 450 s 37°C viscometer (Brookfield)

Paraffin 1.1-2.0 0.1-4 1-66 Hz; 25°C Coaxial cylindrical [163]
viscometer

Paraffin 3 Nd 90s™;37°C Cone-and-plate [159]
viscometer (Brookfield)

PAR saliva

None 0.8 <0.05 1-300 s'; 37°C Oscillating capillary [153]
rheometer (Vilastic)

None 0.8 Nd 20s;37°C Low shear rheometer [155]
(Contraves)

None 1.3 Nd 230s7;25°C Cone-cup viscometer [164]
(Brookfield)

Citric acid 2.0 Nd 230s7;25°C Cone-cup viscometer [164]
(Brookfield)

Citric acid 1.0 Nd 450 s;37°C Cone-and-plate [165]
viscometer (Brookfield)

Citric acid 0.78 Nd 450 s;37°C Cone-and-plate [78]
viscometer (Brookfield)

Citric acid 0.88 Nd 450 s;37°C Cone-and-plate [154]
viscometer (Brookfield)

Not indicated 1.0 0.06 66 Hz; 25°C Coaxial cylindrical [163]
viscometer

SM saliva

None 1.4-1.5 0.4-0.6 1-300s™"; 37°C Oscillating capillary [153]
rheometer (Vilastic)

Citric acid 0.9-2.0 0.1-3 1-66 Hz ; 25°C Coaxial cylindrical [163]

viscometer
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SL saliva
None 2.9-4.6 1.8-4.9 1-300 s'; 37°C Oscillating capillary [153]
rheometer (Vilastic)

SMSL saliva

None 1.3 Nd 20s";37°C Low shear rheometer [155]
(Contraves)

None 3.0 Nd 230s7;25°C Cone-cup [164]
viscometer (Brookfield)

Citric acid 2.8 Nd 230s7;25°C Cone-cup viscometer [164]
(Brookfield)

Citric acid 1.2 Nd 450's;37°C Cone-and-plate [78]
viscometer (Brookfield)

Citric acid 2.1 Nd 450's;37°C Cone-and-plate [165]
viscometer (Brookfield)

Citric acid 1.8 Nd 450 s;37°C Cone-and-plate [154]
viscometer (Brookfield)

Pal saliva

None 1.6-1.8 0.4-0.7 1-300s™"; 37°C Oscillating capillary [153]

rheometer (Vilastic)

In some cases clarified saliva samples were used [153, 154, 157]; it was noted that centrifugation did not
affect the rheological properties [153, 154], whereas others found a viscosity decrease [160]. * apparent
viscosity (1,) or viscous component of viscoelasticity (1°); ** elastic component (1°) of viscoelasticity; G’

was reported, i.e. 0.1 Pa at 1.0 Hz; Nd: not determined. * Ref: reference.

This optimum vanishes at increased ionic strength, emphasizing the role of electrostatic
interactions in the pH dependent behavior. In some cases, lowering the pH resulted in a
decrease in viscosity of whole unstimulated saliva and a small viscosity increase of
stimulated saliva [166]. Moreover, it was found that the viscosity of centrifuged whole
unstimulated saliva was not affected by pH [166]. It should be taken into consideration that
a low pH might cause proteolysis, leading to a collapse of the gel structure of isolated
mucins [167], or may induce conformational changes in salivary proteins [166].

A point of attention is that the shear rate dependent viscosity, reported by several authors
varies with (1) measuring methods, (2) saliva collection and handling, (3) circadian rhythm
and (4) individual variation [153, 158, 159, 161, 163]. When no precautions are taken with
respect to protease inhibition or centrifugation, the viscosity of whole saliva decreases upon
storage within a few hours [162]. To prevent viscosity changes, it is advisable to add
protease inhibitors directly after saliva collection [155], to handle saliva in the cold, and/or
to minimize the time between collection and measurement. For these reasons, standardized
conditions for saliva sampling and handling, as described in Chapter 2, were strictly

followed during the whole study.
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Aim of the thesis and outline

The focus of this thesis is to study the behavior of low viscosity emulsions upon mixing
with saliva. Three different approaches were taken during this study. Physical-chemical
experiments (Chapter 2 to 4) were conducted to characterize different emulsion/saliva
mixtures and to evaluate the effect of parameters related to emulsions and saliva.
Biochemical, proteomics and physical-chemical techniques (Chapters 3, 5 and 6), were
used to investigate the mechanism of interaction between saliva and emulsions and to
determine which salivary proteins are involved. Finally, sensory analysis (Chapter 7) was
performed to relate knowledge obtained from biochemical and physical-chemical
techniques to sensory attributes in order to provide a broader picture of how saliva is
affecting the emulsions properties.

In more detail, Chapter 2 evaluates the effect of using different emulsifiers, and therefore
the droplets charge, on emulsion flocculation. A first mechanistic insight into the
flocculation occurring after mixing emulsions with saliva is provided. Chapter 3 focuses on
the flocculation of positively charged emulsions stabilized by lysozyme. Using CLSM,
lysozyme was observed to form complexes with salivary proteins, both in solution and at
the oil-water interfaces. Based on turbidity measurements, upon increasing the ionic
strength these complexes have been found to be electrostatically driven. Chapter 4
illustrates how emulsion-related parameters such as oil-volume fraction and saliva-related
parameters (type of saliva and salivary protein content) influence flocculation and
consequently the rheological properties of emulsion/saliva mixtures for emulsions
stabilized by B-lactoglobulin and by lysozyme.

Chapter 5 and Chapter 6 are dedicated to the identification of salivary proteins and peptides
which were found to be associated with the droplets of emulsions stabilized by B-
lactoglobulin and lysozyme. These chapters illustrate biochemical and proteomics
techniques which are commonly used for protein detection and identification, and provide
new insights in the role of saliva components in the in-mouth behavior of food. Chapter 7
describes the effect of saliva-induced flocculation on sensory perception of emulsions
which flocculate reversibly and irreversibly upon mixing with saliva. Particular attention is
given to correlate sensory attributes scored by the sensory panel with physical-chemical
parameters, e.g. viscosity, storage and loss moduli and the retention to the tongue surface.
Furthermore, this chapter combines different biochemical techniques in an attempt to

clarify possible mechanisms responsible for perception, such as astringent after-feel. To
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conclude, Chapter 8 provides a general discussion of the findings, hypothesizes a saliva-

induced flocculation mechanism and offers suggestions for further studies.
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Abstract

Upon consumption food emulsions undergo different processes, including mixing with
saliva. It has been shown that whole saliva induces emulsion flocculation [1, 2]. It was
hypothesized that depletion flocculation was responsible for the observed flocculation. To
further unravel the mechanism, we investigated the role of electrostatics on the behavior of
emulsion/saliva mixtures. Emulsions stabilized with differently charged surfactants and
proteins were mixed with saliva. Strongly negatively charged emulsions (SDS and Panodan)
do not flocculate, likely because the electrostatic repulsion between the droplets overcomes
the attractive depletion and van der Waals interactions. Neutral and weakly negatively
charged emulsions (Tween 20 and B-lactoglobulin pH 6.7) undergo flocculation, which is
reversible upon dilution with water. This is probably due to depletion interactions, induced
by large salivary protein like mucins, in combination with the van der Waals interaction
and the sufficiently low electrostatic repulsion between the droplets. Positively charged
emulsions (CTAB, lysozyme and B-lactoglobulin pH 3.0) show irreversible flocculation
leading to rapid phase separation. These findings point to a role of electrostatic attraction
between the negatively charged proteins present in saliva and the positively charged
surfaces of the emulsion droplets. The results indicate that the sign and the density of the
charge on the surface of the droplets contribute significantly to the behavior of an emulsion
when mixed with saliva. Depending on the charge, saliva-induced emulsion flocculation is

driven by two different main mechanisms: depletion attraction and electrostatic attraction.
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Introduction

Human saliva is a complex heterogeneous biological fluid and is generally described as
composed of proteins, electrolytes, small organic compounds and water, secreted by
different glands [3-5]. Several factors such as stimulus, diet, medication and gender
influence the flow rate and the composition. Human saliva is involved in maintaining oral
health, in teeth and mucosal surface protection and in oral functions such as eating or
swallowing [6]. These functions are carried out by numerous components, predominantly
proteins. The protein composition of whole saliva and of the major glandular secretions has
largely been investigated [7-12]. Unstimulated saliva, secreted mainly from the
submandibular and sublingual glands is composed of several proteins including a-amylase,
serum albumin, immunoglobulins (sIgA), cystatins, lysozyme, histatins and mucin. Various
isoforms of salivary proteins have been identified [11]. Salivary mucins, which make up for
20-30 % of the protein content of unstimulated saliva [13], belong to a family of negatively
charged protein containing heavily glycosylated domains, interspersed with less
glycosylated ones.

Two types of secretory mucins are present in human saliva: the oligomeric MUCS5B,
formerly named MG1, with molecular mass (M,) >1000 kDa and the monomeric MUC?7,
formerly called MG2, with M, 200-300 kDa [3, 14]. Different species of MUCS5B varying
in the carbohydrate moiety and length of polysaccharides chain have been detected [7, 15-
19]. MUCT differs from MUCS5B in the M, and in the number and type of residues on the
carbohydrate chain. Two different isoforms of MUC?7 varying in the sialic acid and fucose
content have been reported [20].

It is known that MUCS5B and MUCT7 form distinct types of complexes with other salivary
proteins [21, 22]. MUCS5B, isolated from human submandibular/sublingual secretion, forms
large heterotypic complexes with a-amylase, prolin-rich protein, statherin and histatin [21].
MUC?7 forms small heterodimeric complexes with lactoferrin in submandibular/sublingual
secretion [23]. In stimulated whole saliva MUC?7 also participates in the formation of the so
called salivary micelles together with sIgA, lactoferrin, ai-amylase, glycosylated prolin-rich
protein and lysozyme [22]. Cryo-TEM analysis on stimulated whole saliva and parotid
saliva samples confirmed the presence of micelle-like structures as globular negatively
charged structures, in the size range about 40-400 nm, appearing in single formation or in

clusters [24, 25].
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Knowledge of the interaction between saliva and food is important for understanding the
oral processing of food. Mixing with saliva can have a diluting effect and plays a role in
facilitating food manipulation and bolus formation in the oral cavity [26]. The enzymatic
activity of a-amylase favours, for example, initial breakdown of foodstuffs before
swallowing. Saliva also influences flavour release [27] and acts as a buffering system
affecting the perception of sourness [28]. Research conducted on saliva-food topics has
been mostly directed towards the sensory analysis of emulsions in relation to saliva
properties such as saliva flow, composition, lubrication properties and towards flavour
release [29-32]. Recently, the physical-chemical effect of saliva on protein-stabilized food
emulsions was reported. Saliva was shown to induce flocculation in emulsions stabilized by
several emulsifiers including sodium caseinate and whey protein isolate [1, 2]. Depletion
flocculation has been indicated to be responsible for the droplet flocculation in the
saliva/emulsion mixtures. The role of mucins as driving force for flocculation was
suggested and pig gastric mucin was used as a model for salivary mucins. However, the
authors indicated that other mechanisms such as bridging flocculation could be important as
well. Since we are interested in studying emulsion/saliva interaction, in which we ascribed
a major role to mucins, we have decided to use unstimulated saliva for our flocculation
experiments. Emulsion flocculation has been extensively studied. The influence of
biopolymers on the stability of food related emulsions at pH values close to 7, where the
emulsions are negatively charged, has been already reported by several authors [33-38]. It
is also known that the charge on the droplets surface affects the flocculation mechanism
and the demixing behavior of emulsions when mixed with polysaccharides [39].

The aim of this study is to clarify the mechanism of emulsion flocculation induced by
saliva. As a first approach, to determine the influence of a number of parameters on the
emulsion behavior in a mixture with saliva, we focused on the role of charge on the
droplets surface. Low molecular weight surfactants and proteins have been used as
emulsifiers for this purpose. To our knowledge, this is the first systematic study that

describes the role of charge on the droplet’s surface in a mixture with saliva.
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Materials and Methods

Materials

Freeze-dried B-lactoglobulin (B-lg) was provided by Wageningen Centre for Food Science
(WCFS, Wageningen, The Netherlands) and was purified according to the previously
described method [40]. The powder contains 93.6 % w/w proteins (N x 6.38). Lysozyme
from chicken egg-white (L6876) was obtained from Sigma-Aldrich Chemie B.V.
(Zwijndrecht, The Netherlands) and used without further purification. Polyoxyethylene
sorbitan monolaurate (Tween 20) was purchased from Quest International (Zwijndrecht,
The Netherlands), sodium dodecyl sulfate (SDS) from Merck (Schuchardt, Germany) and
cetyltrimethylammonium bromide (CTAB) from BHD Chemicals Ltd. (Poole, England).
Diacetyl tartaric acid ester of monoglyceride (Panodan) was kindly provided by Danisco
(Grindstad, Denmark). Sunflower oil (Reddy, Vandemoortele, The Netherlands) was
purchased from a local retailer; BCA™ Protein Assay Kit from Pierce Biotechnology Inc.

(Rockford, IL, USA) and sodium azide were obtained from Merck (Schuchardt, Germany).

Saliva collection and handling

Whole human unstimulated saliva was collected for 30 minutes from 11 (5 females and 6
males) healthy non-medicated volunteers, age ranged from 20 to 45 years, from 8.30 to
10.30 a.m. After optionally having breakfast and brushing their teeth, donors refrained from
eating and drinking, with the exception of water, for two hours before donation. After
rinsing their mouths with water, saliva was collected with closed lips for a couple of
minutes and then expectorated into ice-chilled vessels. The first mL of saliva was discarded.
The samples were kept constantly on ice during both donation and handling. Saliva was
pooled and gently mixed. The amount of 3 grams was loaded in ice-chilled centrifuge tubes
(Nalgene Oak Ridge centrifuge tubes, PC 10 mL, Nalge Nunc International, Rochester,
USA) and centrifuged at 10000 g for 30 minutes at 4 °C to remove cellular debris
(Beckman, model Avanti ™ j.25 I, rotor JA-21, Beckman Coulter B.V. Mijdrecht, The
Netherlands).

After centrifugation, saliva supernatant was pooled, gently mixed and frozen in liquid
nitrogen in aliquots of 1 mL (Cryogenic Vials Nalgene tubes of 2 mL, Nalge Nunc
International, Rochester, USA). Saliva supernatant, from now on indicated with the term

saliva, was then stored at —80 °C and used within 6 weeks. After collection, about 2 hours
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were needed for the completion of the handling procedure. Precipitation of salivary proteins
was not detected after thawing. The pH of saliva was measured before and after storage and
ranged from 6.8 to 7.1. Storage did not significantly affect the pH. Protein content
determination of saliva was performed according to the BCA method of Pierce, with bovine

serum albumin as standard, and varied from 1.2 mg mL™' to 1.6 mg mL™",

Preparation and characterization of O/W emulsion stabilized by different

emulsifiers

B-Lg and lysozyme solutions were prepared by dissolving protein powder respectively in
demineralised water and 10 mM NaCl solution overnight at 4°C. SDS, Tween 20 and
CTAB were dissolved in demineralised water and stirred for 2 hours at room temperature
while Panodan was dissolved in oil at 75°C. Pre-emulsions were prepared using an Ultra-
Turrax T 25 Basic (IKA-Werke). Subsequently they were homogenized at room
temperature by 10 passes through a Delta Lab-scale homogenizer (Delta Instruments)
operating at a pressure of 70 bar or, in case of lysozyme emulsion, 100 bar. The different
pressure was used to obtain similar droplet sizes. The Panodan pre-emulsion was
homogenized at 75°C.

Emulsions stabilized respectively by B-lIg, SDS, Tween 20 and CTAB at pH 6.7, contained
40 % w/w sunflower oil and 1 % w/w emulsifier. B-Ig emulsion with a pH of 3.0 was
prepared by lowering the pH after homogenization. Lysozyme emulsion (pH 6.7, 1 % w/w
protein and 10 mM NaCl) contained 20 % w/w sunflower oil while Panodan emulsion (pH
3.0, 2.5 % w/w surfactant, 10 mM NaCl) contained 37.5 % w/w sunflower oil. Sodium
azide 0.02 % w/w (harmful to humans when swallowed) was added to the emulsions to
prevent microbial growth.

The droplet-size distribution and volume-over surface average droplet diameter, ds,, were
measured by laser diffraction with the Mastersizer Hydro 2000S (Malvern Instruments,
Southborough, UK). Dilution with demineralised water was applied during the
measurements.

Zeta (C) potential measurements of emulsions were performed using an Electroacoustic
Spectrometer model DT 1200 (Dispersion Technology Inc, Bedford Hills, NY 10507 USA).
100 mL of each emulsion containing 10 % w/w oil and 10 mM NaCl were used and (-

potential values were obtained as average of 3 measurements.
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Sample preparation for flocculation experiments

Emulsion/saliva mixtures contained 10 % w/w oil phase and 0.6 mg mL™" of salivary
proteins (SPs). These concentrations have been chosen in order to compare our results with
those reported earlier [2], where emulsions were mixed 1:1 with saliva. To eliminate
possible problems related to the aging process in saliva, saliva was removed from —80°C
and thawed at room temperature before each experiment. Mixtures were prepared at room
temperature by adding thawed saliva to diluted emulsions containing 10 mM NacCl in the
bulk phase. The pH of the mixtures was about 6.8 for emulsions made at pH 6.7 and about
4.3 for the Panodan and B-lg emulsions that were made at pH 3.0. However for
simplification and unless specified otherwise, the pH in the text is referring to the pH of the

emulsions.

Characterization of the flocculation

Flocculation was studied by light microscopy and particle size analysis. To evaluate the
stability of the flocs and gaining insight into the mechanism, aliquots were analyzed at
room temperature immediately after mixing and followed in time for 30 minutes. Light
microscopy images were taken using an Olympus BX 60 Microscope equipped with an
Olympus DP 70 camera (Olympus Nederland B.V., Zoeterwoude, The Netherlands). Size
distribution analysis of the flocs was conducted by laser diffraction as previously indicated.
However, due to the mathematical calculation model applied to the experimental data (the
particles are considered as spheres) the obtained values provided only a rough estimate of

the real dimensions of the flocs.

Demixing experiments

Demixing behavior was followed by measuring the intensity of a incident laser light
scattered backwards along the height of an optical glass tube, using a Turbiscan MA 2000
apparatus (Ramonville St. Agne, France) as described before [41, 42]. The recorded profile
gives a qualitative indication of the distribution of the oil droplets along the height of the
tube, since the back scattering intensity varies mainly with the volume fraction of oil. The
mixtures were prepared by loading the appropriate amount of saliva at the bottom of the
tube and emulsion on top. After mixing, back scattering profiles were recorded at room

temperature every minute for 90 minutes.
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Rheology

The rheological behavior of emulsions upon addition of saliva was characterized by
measuring the shear rate dependent viscosity. The mixtures were prepared as described for
the flocculation experiments. Shear viscosity measurements were carried out in duplicate
with Paar Physica MCR 300 (Anton Paar BVBA, Sint Martens Latem, Belgium) at 20°C
with 10 minutes recovery time. Cone-and-plate geometry CP75-1, with an angle of 1°
(0.0175 rad) and a gap width of 0.05 mm (at the tip) was used. The shear rate was initially
increased from 1 to 1500 s™ and then decreased to 1 s The viscosities of the emulsions for

non-interacting oil droplets were calculated according to Batchelor [43] using Equation 1:

Hemul = Mo (1+2.5¢+6.24) Eq.1

where 7 is the viscosity of the continuous phase and ¢ is the volume fraction of oil (0.1).
10 was measured after centrifuging the emulsions at 120000 g for 30 minutes at 20°C to
remove the oil phase (Beckman J-60, rotor SW 41, Beckman Coulter B.V. Mijdrecht, The
Netherlands).

The theoretical viscosities of the mixtures were also calculated from equation 1 where the
viscosity of the continuous phase is assumed to be the equal to the viscosity of saliva
(7sativa). We approximated that the viscosity of saliva in the mixture was, for each shear rate,
the same of the measured one in absence of oil phase. 7siiva Was measured at the

concentration of 0.6 mg mL™" SPs after dilution with 10 mM NaCl solution.

Results

Emulsion characteristics

Table 1 reports a summary of the emulsion properties, i.e. the emulsifiers, pH, d3, values
and sign of the charge. ds, values of the emulsions ranged from 0.5 to 1 um. The (-
potentials of the emulsions are shown in Table 2. Briefly, negatively charged emulsions
exhibit C-potential values ranging from -90 mV for SDS to -44 mV for B-lg pH 6.7. The
uncharged Tween 20 emulsion showed, as expected, C-potential values close to zero.

Positively charged emulsions displayed {-potential values that ranged from +21 mV for -
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lg stabilized emulsion at pH 4.3 (pH in the mixture with saliva) to +74 mV for CTAB
emulsion pH 6.7.

Table 1 — Emulsion characteristics: emulsifiers, oil content, pH, d3, and charge sign of the

emulsions.
. Emulsifier Oil

Emulsifier type (% WiW) (% WiW) pH ds; Droplets Charge
.| SDS 1 40 6.7 0.5 -
§ Panodan 2.5 37.5 3.0 0.7 -
=
E Tween 20 1 40 6.7 0.7 @)
n

CTAB 1 40 6.7 0.9
2 B-lactoglobulin 1 40 6.7 0.8 -
£ | B-lactoglobulin 1 40 3.0 1.0 +
S
[ Lysozyme 1 20 6.7 0.8 +

+ and — indicate positive and negative charge, respectively; O is used to indicate the neutrality of Tween 20.

Flocculation behavior in the presence of saliva

Figure 1 shows light microscopy images of emulsions (10 % w/w oil and 10 mM NaCl)
immediately after mixing with saliva (0.6 mg mL" SPs). Highly negatively charged
emulsions, stabilized respectively by SDS and Panodan, did not exhibit flocculation (Figure
la, 1b). The neutral Tween 20 stabilized emulsion exhibited little flocculation (Figure 1c),
whereas pronounced flocculation is seen for the weakly negatively charged (B-Ig pH 6.7
Figure 1d) and the positively charged emulsions (B-lg pH 3.0, lysozyme and CTAB Figure
le-g). Morphology differences are seen for the flocculated emulsions. The B-lg pH 6.7-
saliva mixture presented homogenously dispersed flocs while larger densely packed
structures were formed when 3-lg pH 3.0 was mixed with saliva (compare Figure 1d and
le). Both lysozyme and CTAB flocs appeared heterogeneous and contained both
spherically shaped and long thread-like structures. The droplets seemed to be strongly

packed in compact clumps (Figure 1fand 1g).
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Particle size analysis was carried out on the mixtures to study the reversibility of the
flocculation and to provide an indication of the size of the flocs. Unless differently
specified, the term (ir)-reversible is used to describe the stability of the flocs upon dilution
with water. Since the flocculation process occurred within seconds after mixing with saliva,
it was only possible, in our experiments, to evaluate the effect of time on the stability of the
flocs. Figure 2 shows the particle-size distribution of neutral and weakly negatively charged
emulsions, i.e. Tween 20 and B-lg at pH 6.7 and their mixtures with saliva at t = 0 minutes,
5 minutes and 10 minutes after mixing.

In both cases the mixtures displayed the same droplet size distribution as the emulsions
indicating that the flocculation process, detectable with light microscopy, was reversible
upon dilution with water. No effect of time on the stability of the flocs was seen for these
samples.

Figure 3 reports the size distribution profiles of the mixtures of saliva with positively
charged emulsions, i.e. B-lg pH 3.0 and lysozyme pH 6.7, indicating irreversible
flocculation with particle sizes ranging from 3 to 100 um. Also the CTAB emulsion
exhibited irreversible flocculation induced by saliva with particle sizes up to 100 um (not
shown). The influence of time on stability of the flocs is also reported in Figure 3. In case
of B-lg stabilized emulsions made at pH 3.0, the size of the flocs changed during the first 10
minutes. After 10 minutes the effect of time was no longer detectable. For this positively
charged emulsion, a shift in the pH (from pH 3.0 to 4.3) and in the C-potential (from + 69
mV to + 21 mV) occurred once mixed with saliva. At the pH value of the mixture, close to
the isoelectric point of the protein, the net positive charge on the droplets is low. This might
have a retarding influence on the formation of stable flocs.

Instead, the lysozyme and CTAB emulsion/saliva mixtures immediately flocculated into
large structures. The overlapping of the size distribution for all the time intervals
considered indicated no time dependency after the first observation.

For positively charged emulsion/saliva mixtures, the microscopic pictures showed different
floc sizes than the particle size analysis. Flocs with dimensions > 100 um were detected
with light microscopy (Figure le, 1f, 1g) but not with the laser diffraction technique (Figure
2).

Possibly the larger flocs, observed with light microscopy, consist of weak aggregates of
smaller flocs. The dilution involved in the laser diffraction may break these aggregates into

smaller ones which are detected with this technique.
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Figure 1 — Light microscopy photographs of saliva and emulsions containing 10 Mm NaCl
immediately after mixing. (a) SDS pH 6.7, (b) Panodan pH 3.0, (¢c) Tween 20 pH 6.7, (d) B-lg pH
6.7, (e) B-1g pH 3.0, (f) lysozyme pH 6.7 and (g) CTAB pH 6.7. Scale bar of 200 um.
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Tween 20
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B-lg pH 6.7
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Figure 2 — Particle size analysis of saliva mixed with Tween 20 emulsion pH 6.7 (top) and B-lg
emulsion pH 6.7 (bottom): (e) emulsion without saliva and mixtures at t = 0 minutes (0), t = 5

minutes (A), t =10 minutes (©) after mixing.
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Figure 3 — Particle size analysis of saliva mixed with -lg emulsion pH 3.0 (top) and lysozyme
emulsion pH 6.7 (bottom) (®) emulsion without saliva and mixtures at t = 0 minutes (0), t = 5

minutes (A), t= 10 minutes (0), t =20 minutes (m) after mixing.
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Demixing experiments

To gain insight into the effect of saliva on the macroscopic behavior of emulsions, mixtures
were subjected to demixing experiments. In a typical demixing experiment the back
scattering intensity, which correlates with the oil fraction in the sample, is recorded along
the height of a tube providing a correspondent profile. An increased concentration of oil
droplets at a certain height of the tube increases the back scattering intensity, thereby
changing the recorded profile. Generally, flocculation also leads to variations in the back
scattering profiles and to a change in the demixing behavior of emulsions in relation to the
internal structure of the sample [36].

Figure 4 reports, as examples, the recorded back scattering profiles of Tween 20 and
lysozyme emulsions at 0, 50 and 90 minutes after mixing with saliva. No variations in the
profiles shape were detected for the Tween 20 emulsion/saliva mixture during the
measurements (Figure 4a). This result is in line with the expectations considering the low
degree of flocculation exhibited by the sample and the time scale of the experiment. Similar
behavior was observed for the aggregated negatively charged B-lg emulsions (not shown).
In contrast, phase separation was observed for the positively charged emulsions with a
sharp boundary between the serum layer and the emulsions as shown in Figure 4b for the
lysozyme emulsion/saliva mixture. The upper movement of this boundary proceeded
slowly for the first 20 minutes and then the velocity increased.

Figure 5 shows the different samples 24 hours after mixing. Serum formation is observed
for B-1g pH 3.0 and the lysozyme emulsion. In case of lysozyme emulsion/saliva mixtures,
the remaining emulsion phase after serum separation shows a structure that is congruent
with the shape of the Eppendorf tube, indicating a collapse of a firmly aggregated structure.
Tween 20 and B-lg emulsions pH 6.7 exhibited instead cream layer formation, with a
thicker layer formed for B-lg pH 6.7. The white arrows indicate the position of the two
layers. The diversity in the layers thickness may be related to a faster creaming process of
the mixture B-1g emulsion/saliva or to lower density of this layer. No cream layer or phase
boundary could be seen for the SDS emulsion/saliva mixture and the Panodan
emulsion/saliva mixture (not shown). These results are in line with the behavior exhibited

by the mixtures in Figure 1a.
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Figure 4 — Backscattering profiles of Tween 20 (A) and lysozyme (B) emulsions mixed with saliva

(10 % w/w oil, 10 mM NaCl, 0.6 mg mL™" SPs) (a) t = 0 minutes, (b) t = 50 minutes and (c) t = 90

minutes after mixing.

Figure 5 — Demixing behavior of differently charged emulsions (10 mM NaCl) 24 hours after
mixing with saliva: (a) lysozyme pH 6.7, (b) B-1g pH 3.0, (c) B-1g pH 6.7, (d) Tween 20 pH 6.7 and
(e) SDS pH 6.7.

45



Chapter 2

Rheology

Figure 6 shows the shear rate dependent viscosity of saliva, B-Ig emulsions at pH 3.0 and
6.7 at 10 mM NaCl and the mixtures. Saliva showed a weak shear-thinning behavior, in line
with previous studies [44-47]. B-lg emulsions (¢ = 0.1) exhibit typical Newtonian behavior
at both pH values. The measured viscosities are in good agreement with the calculated
viscosities obtained from equation 1. The viscosities of the emulsion/saliva mixtures are
shear rate dependent. The measured viscosity of the B-lg emulsion mixed with saliva at
neutral pH (Figure 6, top), was higher than the theoretical at shear rate below 70 s,
indicating the presence of flocs. For shear rates above 70 s, the curves overlapped
indicating that there was no flocculation of the emulsions droplets at these shear rates. The
results point to a weak flocculation of the emulsion/saliva mixture, which is disrupted upon
shear.

In case of the mixture saliva/B-lg emulsion pH 3.0 (Figure 6, bottom), where irreversible
flocculation upon dilution was observed, the measured viscosity of the mixture exhibited, at
all shear rates, a higher viscosity compared to the theoretical curve. Even at high shear rate
(i.e. 850 s™) the measured viscosity is almost twice the theoretical values. This indicates
that the flocs of a B-Ig emulsion pH 3.0 in presence of saliva are not completely disrupted
by shear over the applied shear rate range, which is in line with the results obtained by
microscopy and laser diffraction.

To compare the effect of saliva on the flocculation behavior of emulsion in relation to the
C-potential, we evaluated the ratio 77mix/ 7Jemul, Where 7mix and 7emur are the viscosities of the
mixture and the emulsion respectively, in function of the shear rates. The results of 4
different flocculating mixtures are shown in Figure 7.

All positively charged emulsion/saliva mixtures exhibited 7mix/7Jemu ratios higher than
negatively charged [B-lg emulsion/saliva mixture. More positive C-potential values
associated with higher 7mix/77emui ratios. Also a small difference, as for example between the
B-lg emulsion/saliva mixture pH 4.3 (+21 mV) and the lysozyme emulsion/saliva mixture
(+30 mV), can still be distinguished. These results indicate that electrostatics also plays an

important role in the increased viscosity of the positively charged emulsion/saliva mixtures.
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Figure 6 — Rheology measurements of emulsion viscosity (77) for B-lg pH 6.7 (top) and B-lg pH 3.0
(bottom) at 10 mM NaCl and their mixtures with saliva. (—) continuous phase of the emulsion, (0)

emulsion, (A) saliva, (m) mixture, (0) theoretical shear rate dependent viscosity of the mixture.
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Figure 7 — fmix / Nemu Of differently charged emulsion/saliva mixtures: (o) CTAB pH 6.7 (+74 mV),
(A) lysozyme pH 6.7 (+30 mV), (o) B-lg at pH 4.3 (+21 mV) and (m) B-1g at pH 6.7 (-44 mV).

Discussion

The experimental results show that saliva-induced droplets flocculation depends on the C-
potential values of the emulsion droplets. A summary of the findings obtained for all the

studied systems, in relation to pH and C-potential on the droplets surface is reported in

Table 2.

Effect of saliva on negatively charged and neutral emulsions

With highly negatively charged emulsions (SDS and Panodan stabilized emulsions), no
flocculation was observed. The strong electrostatic repulsion between the droplets seems to
overcome the van der Waals attraction and depletion forces which explain the non-
flocculation behavior, as similarly found by Blijdenstein in emulsions containing dextran at
concentration lower than 1 % w/w [36].

Weakly negatively charged and neutral emulsions, i.e. B-1g pH 6.7 and Tween 20, exhibited
reversible flocculation meaning that the flocs are disrupted upon dilution. Such behavior

was already described for -lg and Tween 20 emulsions [2].

48



Table 2 — Summary of the (-potentials values of the different emulsions and corresponding

flocculation behavior of the emulsions/saliva mixtures (10 % w/w oil, 0.6 mg mL™" SPs).

Emulsifier pH NaCl C-potential Flocculation Type of
(mM) (mV) flocculation
SDS 6.7 10 -90 No -
Panodan 4.3(%) 10 -75 No -
B-lg 6.7 10 -44 Yes Reversible *
Tween 20 6.7 10 -2 Yes Reversible *
B-lg 4.3(%) 10 +21 Yes Irreversible *
Lysozyme 6.7 10 + 30 Yes Irreversible *
CTAB 6.7 10 +74 Yes Irreversible

(*)The pH and the corresponding measured (-potential values are referring to the pH of the mixtures and not
to the pH of the emulsions after preparation; (-) not applicable; “ with respect to dilution with water and

shear.

It was suggested that the presence of the large negatively charged mucins in saliva is
responsible for depletion flocculation in a similar way as other non-adsorbing biopolymers,
e.g. methylcellulose, dextran or exocellular polysaccharide for which the effect on the
stability of oil in water emulsion has been already reported [34-36]. Vingerhoeds et al. also
suggested that other salivary components such as the salivary micelles could induce
flocculation. Salivary micelles have been observed in samples of parotid and stimulated
saliva. They appeared mostly in the size range of 40-400 nm with an overall net negative
surface charge of -13 to -17 mV [24, 25, 48]. In our case, these components are of minor
importance because of the low contribution of parotid saliva to whole unstimulated saliva
[5, 9]. Instead it is likely that the large heterotypic complexes involving MUCS5B and the
small complexes of MUC7, present in submandibular and sublingual secretions of

unstimulated saliva, contribute to the flocculation.

Effect of saliva on positively charged emulsions

In our study, irreversible flocculation was observed when positively charged emulsions

were mixed with saliva. Rheological measurements confirmed the presence of structures
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that do not completely break up into single droplets upon shear. This is in line with the
expected results for a bridging mechanism where the bonds are relatively strong and
irreversible. Furthermore, we also demonstrate that the effect of saliva on the viscosity of
the mixtures increased with increasing the positive C-potential on the droplets surface. This
reinforces the idea of electrostatic interaction between salivary components and positively
charged emulsions. Attractive interaction between adsorbed proteins at an interface and the
hydrocolloids present in the bulk phase is known to be responsible for bridging [49].
Bridging flocculation has been reported for example, for other food related systems, such as
the mixture of B-lg emulsion and carboxy-methylcellulose at pH 3 [39] and for bovine
serum albumin emulsions with t-carrageenan [50]. We hypothesize that the bridging
flocculation mechanism is driven by the binding of the negatively charged mucins to the
adsorbed protein layer on the droplets surface. An earlier study on oral deposition
conducted with pig gastric mucins also reported adsorption of positive chitosan emulsion
onto the mucins film surface [29] indicating a role for the electrostatic interaction between
mucins and positively charged emulsion droplets. Polymer solutions of cationic gelatin and
chitosan have also shown strong interaction with pig gastric mucins at pH 5.5 [51].
Moreover most food proteins form complexes with anionic hydrocolloids in the pH region
were the two macromolecules carry oppositely net charge [52]. Complexes of whey protein,
B-lg and lysozyme solutions with gum arabic and/or carrageenan, as well as other food
systems, have been extensively investigated [53-56].

Besides mucins, other components in saliva such as cystatins and serum albumin have a net
negative charge at physiological pH as well [11]. These proteins could participate in the
binding with lysozyme and CTAB emulsions although their concentration in whole
unstimulated saliva is low [4]. Different isoforms of a-amylase, having pl values ranging

from 5.9 to 7.2, could also interact with the positively charged droplets.

Conclusions

This study aimed to improve our understanding on the flocculation behavior of emulsions
induced by saliva. We focused on the role of charge on the emulsion droplets and the
contribution of electrostatics on the flocculation behavior of emulsion/saliva mixtures. The
saliva/emulsion mixture behavior is regulated by a fine balance of forces including

depletion, van der Waals forces and/or electrostatic interactions between emulsion droplets
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and salivary proteins. Different scenarios have been shown to occur at the used saliva
content. No flocculation was found for highly negatively charged emulsions where the
electrostatic repulsion prevents close approach of the droplets. Emulsion flocculation
occurred for weakly negatively charged, neutral and positively charged emulsions. For
weakly negatively charged and neutral emulsions, reversible flocculation is induced
probably by mucins alone or the salivary complexes present in saliva via depletion
flocculation. Instead for positively charged emulsions a bridging mechanism, driven by
electrostatic attraction between salivary proteins and emulsion droplets, is proposed.

Future research is dedicated to identify which saliva components are involved in the
flocculation mechanism. However it seems plausible that mucins, individually or as
complexes with other salivary proteins, play an important role in both bridging and

depletion flocculation when emulsions are mixed with saliva.
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Abstract

In this paper, we studied the interaction between human unstimulated saliva and lysozyme
stabilized oil in water emulsions (10 % w/w oil phase, 10 mM NacCl, pH 6.7), to reveal the
driving force for flocculation of these emulsions.

Confocal Laser Scanning Microscopy showed formation of complexes between salivary
proteins and lysozyme adsorbed at the oil-water interface and lysozyme in solution as well.
To assess the electrostatic nature of the interaction in emulsion/saliva mixtures, laser
diffraction and rheological measurements were conducted in function of the ionic strength
by adding NaCl to the mixture in the range between 0 and 168 mM. Increasing the ionic
strength reduced the ability of saliva to induce emulsion flocculation as shown by the
decreased floc size and the effect on the viscosity.

Turbidity experiments with varying pH (between 3 and 7) and ionic strength also showed
decreased complex formation in mixtures between saliva and lysozyme in solution upon
NaCl addition up to 200 mM. Decreasing the pH increased the turbidity, in line with the
increase of the positive net charge on the lysozyme molecule.

We conclude that electrostatic attraction is the main driving force for complex formation

between saliva components and lysozyme adsorbed at the oil droplets and in solution.
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Introduction

Human saliva is a biological fluid [1-3], secreted by different salivary glands and
susceptible to variation depending on diet, gender and many other parameters [4]. Although
a lot is known about saliva, the exact composition and structural features are still under
investigation. Parameters such as charge density, molecular mass and structure of the
protein, as well as protein concentration exhibits strong variation. The presence of different
electrolytes (Ca2+, Na', K, Mg2+, PO42', SO42', NH,, CO32') determines the ionic strength,
which varies typically between 20 to 200 mM depending on the secretion flow rate and
type of saliva (e.g. unstimulated vs. stimulated) [4-6].

According to recent literature, saliva contains more than 1050 different proteins [7] with
molecular mass varying from a few kDa of the small peptides to > 1000 kDa of the large
secreted polymeric glycoprotein MUCS5B [8]. Despite their differences in isoelectric points
(pl), at physiological pH most of the proteins carry a net negative charge. Therefore, to
some degree of approximation, saliva may be considered as a colloidal dispersion of mainly
negatively charged biopolymers. Several levels of protein organization, e.g. the presence of
the network originated by MUCS5B or the so-called “salivary micelles”, which are protein
globular complexes of 40-400 nm [9-11] add to the structural complexity of saliva [12-14].
During consumption, food emulsions are exposed to a range of processes, including mixing
with saliva. The knowledge of the interaction with saliva is important to understand the oral
behavior of emulsions in relation to sensory perception. Recently, an investigation on the
physical-chemical effect of saliva on protein-stabilized food emulsions was initiated
showing the ability of saliva to induce flocculation of emulsion droplets [15]. A clear role
of the droplets’ charge in affecting the stability of emulsions/saliva mixtures has been
found (Chapter 2)[16]. Strongly negatively charged emulsions do not flocculate in presence
of saliva, whereas weakly negatively charged emulsion droplets flocculate likely by
depletion flocculation, since the flocculation was reversible with respect to dilution and
shear. Saliva-induced flocculation of positively charged emulsions, e.g. stabilized by
lysozyme, was irreversible upon dilution and shear instead.

Lysozyme is a small ellipsoid protein molecule of 129 amino acids (pI ~ 10.5), containing
18 amino acids with a basic side chain (11 arginines, 6 lysines and 1 histidine) [17, 18]
resulting in a net positive charge at neutral pH. It forms electrostatically driven complexes

with various negatively charged compounds, e.g. polysaccharides such as gum arabic and
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k-carrageenan [19, 20], phospholipids vesicles [21], as- and -caseins, casein stabilized
emulsion droplets and casein micelles [22].

Attractive interaction between oppositely charged compounds, which can be of both
synthetic and biological origin, plays an important role in complex formation. Synthetic
polymers offer the advantage of well-defined and controllable molecular characteristics as,
for example, charge distribution and/or charge density. Although molecules of biological
origin (e.g. protein) or present in biological system (e.g. saliva) cannot be easily modified
according to experimental requirements, several examples of electrostatically driven
complex formation (i.e. histones binding to the DNA molecule), can be found in literature
[19, 23-28].

In this paper, we have investigated the interaction between a colloidal dispersion of oil in
water and saliva. Our system, a lysozyme stabilized emulsion mixed with saliva, serves as a

model for studying the behavior of a positively charged food emulsion in the mouth.

Materials and methods

Materials

Lysozyme from chicken egg-white (L 6876, lot 051K7028) was purchased from Sigma-
Aldrich Chemie B.V. (Zwijndrecht, The Netherlands) and used without further purification.
Sunflower oil (Reddy, Vandemoortele, The Netherlands) was purchased from a local
retailer. Oregon Green'™ 488 (Lot 34A1-6) was purchased from Molecular Probes Inc.
(The Netherlands) while Rhodamine B and Nile-Red were purchased from Sigma-Aldrich
Chemie B.V. (Zwijndrecht, The Netherlands). The BCA™ Protein Assay Kit was from
Pierce Biotechnology Inc. (Rockford, IL, USA) and sodium azide was obtained from
Merck (Schuchardt, Germany).

Collection and storage of saliva

Whole human unstimulated saliva was collected according to the procedure described in
Chapter 2 [16]. The pH of saliva was measured after thawing and ranged from 6.7 to 7.0.
Salivary protein content was determined according to the BCA method of Pierce [29] using

bovine serum albumin as standard and varied from 1.1 mg mL™" to 1.3 mg mL". The
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required amount of saliva was removed from —80 °C and thawed at room temperature

before each experiment.

Preparation of lysozyme stabilized emulsion and its mixture with saliva

Lysozyme protein powder was dissolved in 10 mM NaCl for two hours at room
temperature. Pre-emulsions were prepared using an Ultra-Turrax T 25 Basic (IKA-Werke
GmbH & Co. KG, Staufen, Germany) and subsequently homogenized at room temperature
by 10 passes through a Delta Lab-scale homogenizer (Delta Instruments, Drachten, The
Netherlands) operating at a pressure of 100 bar. Lysozyme stabilized emulsions, containing
1 % w/w lysozyme, 20 % w/w sunflower oil, 10 mM NaCl, were prepared at pH 6.7 and are
further indicated as emulsions. Sodium azide 0.02 % w/w (harmful to humans when
swallowed) was added to the emulsions to prevent microbial growth. Droplet-size
distribution and the volume-over surface average droplets diameter (d3,) were measured by
laser diffraction with the Mastersizer Hydro 2000S (Malvern Instruments, Southborough,
UK) as described in Chapter 2 [16]. Emulsion/saliva mixtures were prepared by mixing a
required amount of emulsions (20 % w/w oil content and 10 mM NaCl in the emulsion
continuous phase) with saliva to obtain 10 % w/w oil and 0.6 mg mL™' salivary proteins
(SPs) in the mixtures. The necessary volume adjustments were performed by adding 10
mM NaCl. The emulsion/saliva mixtures therefore contained the NaCl present in the
emulsion continuous phase and the saliva’s electrolytes. To study the effect of ionic
strength, extra NaCl, from a concentrated NaCl solution, was added to the mixtures so that
the added concentration varied between 0 mM and 168 mM. The conductivity of saliva and
the emulsion/saliva mixtures was measured at 20 °C with a Schott Glas conductometer
(Schott Glas, Mainz, Germany) in presence and absence of extra NaCl. The viscosity of
emulsions and saliva, used as reference in ionic strength dependency experiments, was
measured on prepared samples that have the same conductivity as those of the mixtures.
Addition of 20 mM NaCl to the emulsion, whereafter a NaCl-based conductivity calibration
curve was made, mimicked saliva conductivity. This value is in line with the ionic strength

reported in literature for unstimulated saliva [5, 6].
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Confocal Laser Scanning Microscopy, laser diffraction, and rheology of

lysozyme emulsion/saliva mixtures

Confocal Laser Scanning Microscopy (CLSM) was performed with a LEICA TCS SP
confocal laser scanning microscope used in the single-photon fluorescence mode. The set-
up was configured with an inverted microscope (model LEICA DM IRBE) and an Ar/Kr
laser. The objective lens used was a 63X/UV/1.20NA/water immersion/PL. APO. Oregon
Green™™ 488, simply referred as Oregon Green, has been used to stain saliva while Nile-
Red was used to label the emulsions oil phase. Oregon Green was excited at 488 nm and the
emission fluorescence was detected between 500 and 560 nm. Nile-Red was excited at 568
nm while the emission was detected between 580 and 700 nm.

To covalently label proteins with Oregon Green, 2.5 mg of the dye was dissolved in 249.5
mg dimethylformamide by stirring for 2 hours at room temperature. 4 mg Oregon Green-
dimethylformamide solution was added to 2 g of the sample to be labeled. The sample
solution was gently stirred overnight at 4 °C avoiding exposure to light.

A 0.01 % w/v Nile-Red solution in polyethylene glycol-glycerol was prepared by
dissolving 10 mg Nile-Red in 50 mL polyethylene glycol by stirring at 90°C for 1 hour. In
the meantime, 5 mL water was added to 45 mL glycerol and stirred until a homogeneous
mixture was obtained. The water-glycerol mixture was added to the Nile-Red solution,
cooled to room temperature and stirred to obtain a homogeneous solution. The Nile-Red
solution was stored at 4 °C and added to the emulsions directly before CLSM experiments.
Laser diffraction was performed on emulsion/saliva mixtures with and without 30 mM
NaCl as described above.

The viscosity of emulsions, saliva and the mixtures was measured using a Physica MCR
301 rheometer (Anton Paar BVBA, Sint Martens Latem, Belgium) at 20°C, using a cone-
and-plate geometry CP 75-1 with an angle of 1° (0.0175 rad) and a gap-width of 0.05 mm at
the tip. The shear rate was logarithmically increased over 20 minutes from 0.1 to 1500 s™
and then reversed to 0.1 s. Hysteresis, i.e. the viscosity on increasing the shear rate is
usually higher than on decreasing the shear rate, was noted. This observation points to
irreversible break up of the flocs upon shear. Discussing this topic lies beyond the scope of
this article, therefore only the data relating to the increasing shear rates are shown. Prior to
analysis, the lysozyme stabilized emulsions and saliva were kept separately in a water bath

at 20°C for 15 minutes and then mixed. To correspond better to the real in-mouth situation,
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the shear rate dependent viscosity was measured in duplicate, with no waiting time after
bringing the sample in the measuring geometry.

In general, the viscosity of an emulsion, 7Jemyl, 18

Temul = 770F(¢part) qu

where the viscosity of the continuous phase (7)) was measured after centrifuging the
emulsions at 120,000 g for 30 minutes at 20 °C to remove the oil phase (Beckman J-60,
rotor SW 41, Beckman Coulter B.V. Mijdrecht, The Netherlands). In principle, any
function (F(¢par)) that describes the way the viscosity of a dispersion of spherical particles
with hard sphere interaction in a Newtonian medium varies with the particle's volume
fraction can be used. Examples are the well-known Einstein equation F(¢@) = 1+5/2¢, the

Batchelor equation F(¢) = 1 + 5/2¢ + 6.25¢ % and the Krieger-Dougherty equation F(g) =
(1 -9/9, ﬁ% , where ¢, is the volume fraction of (random) closed packing of the particles

[30, 31]. In this article, @y 1s used to indicate the oil-volume fraction of the lysozyme
stabilized emulsions, both in case of non-interacting droplets and in case of emulsions
flocculated by salt. Therefore, in presence of salt, @y corresponds to the volume fraction of
the aggregates, which is larger than the sum of the volumes of the individual droplets
within the floc because continuous liquid is entrained within the volume of the flocs.
Theoretical models for the description of rheological behavior of aggregated dispersions
have been developed by several authors [32, 33]. For example, to calculate the effective oil-
volume fraction of the aggregates, Potanin, introduced parameters that relate to the volume
of droplet aggregates or the interaction forces between the particles [32]. Because the
above-mentioned parameters are currently unknown in emulsion/saliva mixtures we were
not able to use this theoretical model. Therefore, analogously to equation 1, we express the

theoretical viscosities of lysozyme stabilized emulsion flocculated by saliva by

Hmix = Msaliva F(¢ﬂocc) Eq2

where the viscosity of the continuous phase in emulsion/saliva mixture is approximated by

Tsaliva, @SSUMING that 775iva in the mixture is the same as in absence of the oil phase for each
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shear rate and salt concentration. F(¢nocc) describes the dependency between the viscosity
of a dispersion of flocculated droplets, upon mixing with saliva, and the volume fraction of
the flocs. We use this approach to estimate the changes in the viscosity of the emulsion

upon saliva-induced flocculation.

In view of equation 1 and 2, we have therefore derived the ratio

nmix/ﬂemul: Usaliva/no * F(¢ﬂocc)/ F(¢part) Eq3

to illustrate the factorial increase in viscosity of the emulsion due to the additional

flocculation caused by saliva.

Preparation, CLSM and turbidity measurements of lysozyme/saliva mixtures

For detection of complex formation between saliva and lysozyme by CLSM, 10 mg mL"
lysozyme protein stock solution was prepared as indicated in the emulsion preparation
paragraph. The mixture with saliva contained a final concentration of 5 mg mL™" lysozyme
labeled with Oregon Green and 0.6 mg mL"' SPs. CLSM was also performed on saliva
samples for structure analysis using the non-covalently label Rhodamine B. The
Rhodamine solution was prepared by dissolving 50 mg Rhodamine B in a total weight of
100 g water and was kept at 4 °C until use. One drop of Rhodamine solution was added to
few mL of saliva shortly before the analysis.

For turbidity measurements, 5 mg mL™ lysozyme stock solution was prepared by
dissolving the protein powder into 4 mM NacCl solution and stirring for 2 hours at room
temperature. The pH was adjusted to 7 by addition of small amounts of 1M NaOH. To
study the influence of ionic strength on complex formation between SPs and lysozyme,
mixtures containing 0.6 mg mL"' SPs and 0.5 mg mL™" lysozyme have been prepared at
different salt concentration. The lysozyme stock solution was therefore diluted with NaCl
solution and then thawed saliva was added. The added NaCl concentration was varied
between 0 mM and 200 mM.

The ionic strength influence on complex formation was evaluated at different pH by slow
acidification by means of glucono-o-lactone (GDL), which is an internal ester. Once added
to the mixture, GDL dissolves and hydrolyses slowly to form gluconic acid (GH), a weak

acid, and further dissociation leads to the formation of G and H' [34]. To cover the desired
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pH range, the amount of 1.5 % w/w of the total sample volume was used. Before adding
GDL, lysozyme solution and saliva were kept separately in a water bath at 25°C. After
mixing, GDL was added and stirred for 1 minute to allow a homogeneous dissolution of
GDL. As control, saliva and lysozyme were measured at the same condition as in the
mixture. Measurements were taken in duplicate every minute until pH 3 was reached.
Turbidity (7) measurements on lysozyme solution, saliva and the mixtures were carried out
in a spectrophotometer (Cary 1E, Varian, USA) at a wavelength of 514 nm at 25 °C and

was defined as:
 =-In (//1y) Eq.4

where [/ is the intensity of the light that passes through a volume of solution in a 1 cm path

length cuvette and /j the incident light intensity.

Results

Microscopic structure of the flocculated lysozyme stabilized emulsion/saliva

mixture

CLSM images of lysozyme stabilized emulsions before and after mixing with saliva are
shown in Figure 1. To distinguish the different components in the mixtures, Nile-Red and
Oregon Green were used to label the oil phase and the SPs, respectively. Using only Nile-
Red, the emulsions droplets appeared in a light color against a dark background (Figure la
and 1b). As expected in case of a non-flocculating emulsion, e.g. without addition of saliva,
the emulsion droplets, ranging from 0.1 to 5 um in size (d3=0.8 um) appeared
homogeneously dispersed in the sample (Figure 1a). Upon saliva addition, in line with
previous results [16], flocculation occurred (Figure 1b). By means of a covalently labeling
dye to stain saliva, i.e. Oregon Green, SPs can be observed as well. Figure 1c is an example
of a CLSM picture of an emulsion/saliva mixture obtained by overlapping the Nile-Red and
Oregon Green signals. The emulsion droplets and SPs are colored in black and white,
respectively, against a grey background. The displayed image is not meant to provide
information on the dimensions of the flocs but only to highlight the flocs structure. The two
dyes were, in fact, better distinguishable in small flocs and therefore Figure 1c is taken at
higher magnification. The CLSM picture demonstrated that the emulsions droplets are in

close proximity of SPs, as indicated by the layer around the droplets. Furthermore, we
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observed saliva-induced flocculation in washed emulsions as well (not shown). These
findings suggest that SPs induce emulsion flocculation by forming complexes with the

lysozyme molecules adsorbed at the oil-water interface of the droplets.

Figure 1 — CLSM images of (a) lysozyme stabilized emulsion (10% w/w oil) stained with Nile-Red,
(b) mixture of lysozyme stabilized emulsion/saliva (10% w/w oil; 0.6 mg mL" SPs) stained with
only Nile-Red and (c) lysozyme stabilized emulsion/saliva mixture stained with both Nile-Red (oil

phase) and Oregon Green (SPs).
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Complex formation between saliva and lysozyme molecules in solution

Figure 2 shows CLSM images of lysozyme in solution, upon mixing with saliva. When
saliva is added to the Oregon Green labeled-lysozyme solution, macroscopic complexes up
to 10 um formed instantly, as illustrated in Figure 2a. To prove that the observed structures
resulted from the complex formation between saliva and lysozyme, lysozyme solution and
saliva have also been separately analyzed. Lysozyme molecules, which have been
covalently labeled with Oregon Green, could not be detected with this technique resulting
in a diffuse orange image (Figure 2b). Also saliva, which upon CLSM examination with the
non-covalent label Rhodamine B, showed protein structures larger than 20 pum, did not
exhibit any visible structural element when Oregon Green was added (Figure 2c). Therefore

the observed complexes are due to the interaction between salivary proteins and lysozyme.

Figure 2 — CLSM pictures of (a) complex formation between lysozyme-salivary proteins (5 mg mL’
' lysozyme protein solution; 0.6 mg mL" SPs), (b) lysozyme protein solution (5 mg mL™)
covalently labeled with Oregon Green and (c) salivary proteins 5 minutes after mixing with Oregon

Green.

Complex formation was also studied by means of turbidity experiments during acidification
of the lysozyme solution, saliva and the mixture (Figure 3). No turbidity signal was
observed for the lysozyme solution in the considered pH range, while the turbidity of saliva

increased rapidly below pH 4.5. Due to complex formation, the saliva/lysozyme mixtures
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exhibited turbidity in the whole pH range with turbidity values that slowly increased as the
pH decreased. However at pH < 4.5, the turbidity signal reached a plateau which is
probably largely due to the turbidity of saliva itself.
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Figure 3 — Turbidity measurements during GDL acidification of lysozyme solution (0.5 mg mL™)

(m), saliva (0.6 mg mL™ SPs) (¢) and their mixture (0.6 mg mL™" SPs; 0.5 mg mL™ lysozyme) (A).

Influence of ionic strength on complex formation between salivary proteins

and lysozyme molecules adsorbed on emulsion droplets and in solution.

We studied the influence of ionic strength on lysozyme stabilized emulsions after mixing
with saliva by performing laser diffraction and rheology measurements.

The particle-size distribution of emulsion/saliva mixtures is shown in Figure 4. Irreversible
flocculation, which occurred when the emulsion was mixed with saliva (Chapter 2) [16],
led to a particle-size distribution ranging from 1 to 200 um. The addition of 30 mM NaCl to
the mixture changed the size distribution and a reduction of the dimensions of the flocs was
observed (i.e. shift of the profile towards lower sizes and increase of the particle fraction
between 0.1 and 1 um). However, the dilution step necessary to conduct laser diffraction
measurements is a serious drawback in this technique, since it affects flocculation of the
samples by breaking the flocs and reducing their particle size. Therefore, to fully evaluate

the effect of ionic strength on emulsion/saliva mixture, rheology measurements were
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preferred. Typical shear rate dependent viscosity measurements over the applied shear rate

are illustrated in Figure 5a for saliva, emulsions and the mixtures.

0.01 0.1 1 10 100 1000 10000
Particle size (um)

Figure 4 — Particle size analysis of lysozyme stabilized emulsion (A), lysozyme stabilized

emulsion/saliva mixture without (m) and with (0) addition of 30 mM NaCl.

The emulsion/saliva mixture exhibited a shear thinning behavior, with viscosity values
larger than the viscosity of the emulsion even at high shear rate, e.g. 5 times at 560 s™. The
oral shear rate is largely dependent on the flow characteristics of the food [35] and on the
gap between the oral surfaces, which varies in time during consumption and throughout the
oral cavity. Shear rates ranging from 10 s™ to 1000 s™ have been applied in literature to
mimic the in vivo shearing of food products [35-37]. As the observed behavior was similar
at the different shear rates, we presented the results at one shear rate, i.e. 100 s Figure 5b
reports an example of the rheological behavior of saliva, emulsions and the mixtures as
function of the added [NaCl] at 100 s”'. NaCl was added to the prepared emulsion before
mixing with saliva. The emulsions and saliva used as references had the same conductivity

as the mixtures.
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Figure 5 — Experimental shear rate dependent viscosity (77) obtained in absence of NaCl between 10
and 1000 s (a) and after addition of NaCl at 100 s™ (b) for lysozyme stabilized emulsion/saliva
mixtures (m), lysozyme stabilized emulsion (A) and saliva (e). Lines are drawn to guide the eye.

Error bars indicate the standard deviation.
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The increased ionic strength significantly affected the viscosity of the emulsions and the
viscosity of emulsion/saliva mixtures, which flocculated at all the added [NaCl]. However,
for [NaCl] >10 mM, no further viscosity increase was observed in the mixture.

The ratio F(@nocc)/F(part), calculated from equation 3, as a function of the added [NaCl], is
shown in Figure 6. Here the viscosity of the saliva-salt-continuous phase was approximated

by the viscosity of saliva samples, which were measured in presence of different [NaCl].

F(¢ flocc)/ F (¢ part)

0 T T T
0 50 100 150 200

Added NaCl (mM)

Figure 6 — F(@aocc)/F(dpart) calculated according to equation 3 for lysozyme stabilized emulsion
mixed with saliva (10 % w/w oil; 0.6 mg mL™" SPs) at 100 s™ (e) and 560 s (A) after addition of

NaCl. Lines are drawn to guide the eye. Error bars indicate the standard deviation.

After an initial augment, which might be caused by other salivary -electrolytes,
F(@noce)/ F(parr) decreased. Values of about 1 are reached for added [NaCl] > 80 mM
indicating that the influence of saliva in inducing emulsion flocculation is negligible or
absent at these salt concentrations. This experimental behavior was observed at all the
applied shear rates and also when NaCl was added to the emulsion after mixing with saliva
(not shown).

In parallel to the above-described results on emulsion/saliva mixtures, to study the nature of
the complex formation between lysozyme molecules in solution and saliva, turbidity

experiments have been carried out both varying the pH and the NaCl concentration. NaCl
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was added to lysozyme aqueous solution before mixing with saliva and then the mixtures
were acidified with GDL. The results are illustrated in Figure 7. The increase of the ionic
strength had no effect on the turbidity of lysozyme solution in the pH range considered,
while it largely influenced the turbidity of both saliva and the mixtures (see Figure 7a-7d).
Upon increasing NaCl concentration ([NaCl]< 200 mM), saliva showed a turbidity decrease
below pH 4.5, while above this pH the turbidity of saliva remained unaffected. At [NaCl] =
200 mM, saliva samples were fully transparent in the whole pH range (not shown). In case
of the lysozyme solution/saliva mixtures, addition of salt induced a turbidity decrease in the
pH range considered. A large reduction was especially observed for [NaCl] < 50 mM
(Figure 7a and 7b). For [NaCl] > 50 mM, the mixtures showed no turbidity between pH 4
and pH 7, while below pH 4, the turbidity was comparable to that of saliva (Figure 7¢ and
7d).

Discussion

To characterize the observed saliva-induced flocculation of lysozyme stabilized emulsions,
which resembles bridging flocculation [38-41], we examined the emulsion/saliva mixtures
using different techniques. CLSM images of the saliva-induced emulsion flocs revealed the
presence of salivary proteins surrounding the emulsion droplets surface (Figure 1c). The
observation that washed emulsions flocculated upon mixing with saliva, suggests that
flocculation is due to complexes formed between SPs and lysozyme molecules adsorbed to
the oil-droplets surface. In view of similar positive charge densities on lysozyme stabilized
emulsion droplets and lysozyme molecules, emulsion/saliva mixtures may be considered, as
a first approximation, analogous to lysozyme in solution mixed with saliva. Moreover,
lysozyme molecules are also present in the aqueous continuous phase of the emulsions. The
finding of lysozyme-salivary proteins complex formation in solution, which was detected
with CLSM (Figure 2) and turbidity measurements (Figure 3), strongly suggests that
complex formation between lysozyme adsorbed at the oil-water interfaces and SP is
causing emulsion flocculation. Whether and to what extent SPs-lysozyme complexes in the
continuous phase of emulsion/saliva mixture participate in the emulsion flocculation is not

clear and requires further research.
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Chapter 3

Numerous examples are reported in literature of complexes formed between proteins and
oppositely charged molecules [19, 26, 27, 42-45]. Main parameters affecting electrostatic
interaction are the pH and the ionic strength of the solution [46-51]. The pH influences the
interaction potential between oppositely charged molecules by varying the degree of
protonation and, hence, the molecular charge. The presence of ions, instead, screens the
charges thereby reducing the electrostatic potential and hence the electrostatic forces
between interacting components. Consequently, at high ionic strength the complex
formation is reduced or, depending on the nature and the concentration of the salt,
completely suppressed [52-54].

In our system, lysozyme stabilized emulsion droplets, as well as lysozyme molecules in an
aqueous solution on the one hand, and the salivary proteins on the other, are oppositely
charged. To identify whether the observed flocculation and complex formation were
electrostatically driven phenomena, we studied the influence of salt addition to lysozyme
stabilized emulsions and lysozyme solution upon mixing with saliva. At neutral pH,
addition of NaCl to lysozyme emulsion/saliva mixtures weakened the attraction between
lysozyme stabilized droplets and salivary proteins thereby reducing the saliva-induced
flocculation. This is reflected by the decrease of the particle size of the mixture (Figure 4)
and of the ratio F(¢nocc)/F(par) (Figure 6) upon increasing the NaCl concentration. By
means of turbidity we monitored the influence of pH and ionic strength on lysozyme in
solution mixed with saliva (Figures 3 and 7). Such measurements, with detection
wavelength in the visible spectrum, are commonly used to study the effect of pH and ionic
strength on complex formation between oppositely charged polymers in solution [55, 56].
Lowering the pH adds to the complex formation in lysozyme solution/saliva mixture
(Figure 3). This can be explained by the charge increase on the lysozyme molecules. In fact,
when considering the amino acids pK values as equivalent to those of the isolated residues,
the lysozyme theoretical net charge is +8 at pH 7 and +13 at pH 4.5. On the other hand,
variations in pH also influence the net charge on salivary proteins and their interaction in
saliva samples. Macroscopic complexes seem to be induced at acid pH, as suggested by the
increased turbidity at pH < 4.5, which is in line with the acid precipitation conditions used
by Soares and co-workers to isolate salivary micelles for studying their protein composition
[57]. Therefore, below this pH the interpretation of the turbidity data in terms of complex
formation between salivary proteins and lysozyme could be erroneous. However, the

electrostatic nature of the complex formation in the pH range 4.5-7 is also supported by the
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behavior of lysozyme/saliva mixtures at different ionic strength (Figure 3 and Figure 7a-7d).
The addition of NaCl decreased the turbidity indicating reduced complex formation. At
added NaCl concentration > 50 mM complex formation seems to be completely prevented
in the pH range considered (Figure 7d).

Besides helping to understand saliva-induced flocculation of lysozyme stabilized emulsions,
our results may point to the existence of other molecular complexes in saliva as, for
example, the so-called “salivary micelles”. These complexes, with dimensions between 40
and 400 nm, as estimated by photon correlation spectroscopy and electron microscopy [11,
57] are composed of salivary lysozyme, lactoferrin, a-amylase, glycosilated prolin-rich
protein and MUC?7 [57]. Calcium ions seem to be important for the maintenance of the
globular structure of these micelles, while addition of pyrophosphate causes structure
disintegration [9, 10]. However, so far no other detailed mechanistic studies have been
conducted on these micelles.

Besides MUCT7 or salivary micelles, it is also possible that lysozyme interacts in a non-
covalent manner with MUCSB as suggested in a saliva macromolecular organization study
conducted by Wickstrom [58]. MUC7 and MUCS5B belong to the mucin family. The
members of this family are characterized, among other features, by their large dimensions
and molecular mass, viscoelastic properties, glycosylation and presence of negative charges
[59]. MUCSB is composed of disulphide-linked monomers, which contain heavily
glycosylated domains carrying a negative charge due to the presence of sialic acid residues
(pK~ 2.6) and sulfate groups [60, 61]. MUCS5B and pig gastric mucin have shown strong
interaction with cationic macromolecules such as gelatin and chitosan [62-64]. Lindh and
co-workers also showed that MUCS5B and lactoperoxidase (pI = 8.3) could be used to build
layer-by-layer mucus assembly in vitro at pH 7. However, the same authors also reported
failure of the multilayer technique for combinations of MUCS5B and other positively
charged proteins such as lysozyme, lactoferrin and histatin 5, respectively [65]. Moreover,
it is known that the centrifugation step performed in the procedure to remove bacteria and
other debris from saliva, also reduced the amount of salivary mucins. Nevertheless complex
formation was observed, which suggests that besides MUC5B and MUCY7, other salivary
proteins might contribute as well. For example, other components in saliva such as
cystatins and serum albumin have a net negative charge at physiological pH as well [66].
These proteins could participate in the binding to the lysozyme adsorbed at the emulsions

oil-water interface although their concentration in whole unstimulated saliva is low [4].
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Conclusions

Saliva-induced flocculation of lysozyme stabilized emulsions was studied as a model for
understanding the oral behavior of positively charged food emulsions. Experimental results
showed that molecular complex formation between saliva and emulsion droplets leads to
emulsion flocculation. To elucidate the interaction mechanism occurring at the oil droplets
surface in a lysozyme stabilized emulsion/saliva mixture, we studied the interaction
between lysozyme in aqueous solution and saliva. Complex formation was clearly observed
and it supports our suggestion that similar complexation is occurring between saliva and
lysozyme adsorbed at the oil-water interface.

The nature of saliva-lysozyme and saliva-oil droplets interactions was addressed by
studying the influence of pH and ionic strength. Decreasing the pH of a lysozyme/saliva
mixture induced an increase in the turbidity, as expected considering the increased positive
surface charges on the lysozyme molecule. Addition of NaCl reduced both complex
formation and flocculation which were completely suppressed at high ionic strength. These
results, in line with the influences of pH and ionic strength on complexation in mixtures of
oppositely charged colloids, point to electrostatic attraction as a driving force for saliva-
lysozyme complex formation, which is likely to be responsible for the irreversible saliva-

induced flocculation of lysozyme stabilized emulsion.
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Abstract

In this paper we studied the effect of saliva on the rheological properties of B-lactoglobulin
and lysozyme stabilized emulsions, prepared at pH=6.7, in relation to variation of
emulsions- and saliva related parameters. The effect of oil-volume fraction (2.5% w/w to
10% w/w), salivary protein concentration (0.1 to 0.8 mg mL") and the use of both
stimulated and unstimulated saliva was investigated. Viscosity, storage- and loss moduli
were measured before (7emul, G 'emuand G ’emu) and after addition of saliva (#mix, G 'mix and
G ’mix). To better estimate the changes due to saliva-induced flocculation of the emulsions,
the ratios 7mix/Memul, G 'mix/G emul and G 'ix/ G 'emul Were calculated. Increasing the oil-
volume fraction and salivary protein concentration resulted in an increase in 7Jmix/ Jemul,
G 'mix/ G emut and G " 1ix/ G emul-

When compared with unstimulated saliva, mixing -lactoglobulin stabilized emulsions with
stimulated saliva led to a reduction in 7mix/ Hemul, G mix/G emul and G "’nix/ G “emur. In case of
lysozyme stabilized emulsions, compared to unstimulated, stimulated saliva increased both
G '1ix/ G emu and G '1ix/ G "emur. The effect of stimulated saliva on the 7mix/ Jemul Of lysozyme
emulsion/saliva mixture is similar to that of unstimulated saliva. These results indicate that
the effect of stimulated saliva on the rheological parameters of emulsion/saliva mixtures
largely depends on the type of emulsions. To conclude, our findings demonstrate that the
rheological behavior of emulsions upon mixing with saliva is greatly affected by both

saliva and emulsion properties.
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Introduction

Human saliva is involved in several functions such as maintaining oral health, protection of
the teeth and mucosal surfaces and eating [1-4]. Proteomics revealed that saliva contains
more than 1050 different proteins and peptides [5] with molecular mass varying from a few
kDa to > 1000 kDa, e.g. for the large secreted polymeric mucin MUCSB [6]. Mucins,
which are the main constituents of the mucous secretion throughout the body, are a family
of highly glycosilated molecules, carrying at physiological pH a net negative charge due to
the presence of sialic acid residues and sulphate groups [7, 8]. Several levels of protein
organization, e.g. the presence of the network composed of MUCS5B and the so-called
“salivary micelles” [9-11], add to the structural complexity of saliva [12-14] and influence
its rheological properties. In particular the type of mucin and its origin appear to play a
dominant role in the viscoelastic properties of saliva [15]. Saliva is secreted by different
glands and is susceptible to variation depending on many factors as type of the salivary
gland or stimuli [16, 17]. Unstimulated saliva is mainly secreted from sublingual and
submandibular glands, while the parotid gland contributes for about 80% of the total
stimulated saliva production. Parotid saliva does not contain mucins and has a shear rate
independent viscosity slightly higher than water [15, 18]. Sublingual saliva, instead, shows
a clear shear-thinning behavior [15] and plays an important role in the prevention of oral
dryness because of its high viscosity and elasticity. Submandibular saliva exhibits lower
elasticity than sublingual saliva. This characteristic is important for the lubrication during
speaking and swallowing, and for bolus formation [15].

The consumer’s perception of food products is becoming increasingly important for the
food industry in relation to product design and evaluation. Attempts have been made to
correlate sensory perceived attributes with physical parameters of the products, as for
example the in-mouth thickness (perceived thickness) of fluids and semisolid foods with
the shear viscosity [19] or the shear stress [20, 21]. Moreover, several authors reported the
influence of saliva properties, such as flow, composition and lubrication, on sensory
perception and flavour release [22-25]. It is becoming evident that knowledge on the
interaction of food products with saliva is important for understanding oral processing of
food since often perception cannot be directly related to the texture of the products before
consumption. For example, the correlation between shear-thinning behavior of different

polysaccharide solutions and mouth-feel sliminess, which was formulated over 30 years
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ago [26], is not clearly established, as no correlation was observed in subsequent
investigations [27]. Therefore, investigations of the dynamic processes occurring in the
mouth, which are affecting the food structure, were initiated. In our research, we focused on
liquid food emulsions stabilized by proteins which undergo flocculation after mixing with
saliva [28, 29]. A clear role of droplet charge on the emulsion stability and viscosity upon
mixing with saliva was established by using differently charged surfactants and proteins as
emulsifiers (Chapter 2) [30]. Strongly negatively charged emulsions did not flocculate in
the presence of saliva, whereas weakly negatively charged emulsion droplets (i.e. stabilized
by B-lactoglobulin) reversibly flocculated with respect to dilution and shear. Saliva-induced
flocculation of positively charged emulsions, e.g. stabilized by lysozyme, was instead
irreversible upon dilution and shear. In particular, for lysozyme, complex formation
between lysozyme stabilized emulsion droplets and salivary proteins was demonstrated
(Chapter 3) [31].

Rheological measurements are widely used to evaluate emulsion behavior under different
applied conditions [32-34], to assess long term stability [35] or to characterize flocculation
[36]. Several parameters, such as oil-volume fraction and characteristics of the continuous
phase, contribute to the rheological properties of emulsions. It is known that if the effects of
colloidal interparticle interactions are negligible, emulsions with oil-volume fraction < 0.5
behave Newtonian [37]. In case of flocculation, rheology depends on the type and strength
of the interaction between the droplets. Flocculated emulsions exhibit a higher viscosity (7),
as a result of the increase in the effective volume fraction, and a shear-thinning behavior
[38]. Storage (G’) and loss moduli (G”) of these emulsions are usually also evaluated by
means of oscillatory measurements [32, 34-36, 38]. Flocculation is frequently accompanied
by a rapid increase in the storage modulus [35] with irreversibly flocculated emulsions
showing larger storage moduli than reversibly flocculated emulsions [34].

In this paper we studied the influence of different parameters on the rheological properties,
i.e. n, G’ and G”, of a negatively charged emulsion stabilized by B-lactoglobulin and a
positively charged emulsion stabilized by lysozyme after mixing with saliva. The aim of
this work was to illustrate how oil-volume fraction, type of saliva and salivary protein
content influence flocculation behavior and consequently the rheological properties of

emulsion/saliva mixtures.
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Materials and methods

Materials

Freeze-dried B-lactoglobulin (B-lg) was provided by Wageningen Centre for Food Science
(WCFS, Wageningen, The Netherlands) and was purified as described previously [39]. The
powder contains 93.6% w/w proteins (N x 6.38). Lysozyme from chicken egg-white
(L6876 batch 051K7028) was obtained from Sigma-Aldrich Chemie B.V. (Zwijndrecht,
The Netherlands) and used without further purification. Lysozyme from chicken egg-white
from the batch number 016K1189 (Sigma-Aldrich Chemie B.V., Zwijndrecht, The
Netherlands) was instead desalted on a Sephadex G10 (flow = 40 ml min™' and pressure 0.4
mPa, eluted with water de-gassed with He). The eluent was freeze dried and stored at —20
°C until further use. Without this treatment, lysozyme solutions obtained from this batch
number had an acid pH and could not be used to make stable emulsions according to the
method indicated in the following paragraph. Sunflower oil (Reddy, Vandemoortele, The
Netherlands) was purchased from a local retailer; BCA™ Protein Assay Kit from Pierce
Biotechnology Inc. (Rockford, IL, USA) and sodium azide was obtained from Merck
(Shuchardt, Germany).

Collection and handling of saliva

Unstimulated saliva: Whole human unstimulated saliva was collected according to the
procedure described in Chapter 2 [30]. Briefly, whole human unstimulated saliva was
collected from 8.30 to 10.30 a.m. from ten healthy non-medicated volunteers. After rinsing
their mouths with water, saliva was collected with closed lips for a couple of minutes and
then expectorated into ice-chilled vessels. The first mL of saliva was discarded.

Stimulated saliva: Whole human stimulated saliva was collected from the same group of
volunteers from 8.30 to 10.30 a.m. In line with our protocol for unstimulated saliva
donation, after optionally having breakfast and brushing their teeth, donors refrained from
eating and drinking, with the exception of water, for two hours before donation. After
rinsing their mouths with water, the volunteers chewed a piece of parafilm of 5 x 5 cm in
dimension for 6 minutes. During this time, stimulated saliva was expectorated into ice-
chilled vessels every 30 seconds. Also in this case, the first mL of saliva was discarded.
Handling: During collection and handling, the samples were constantly kept on ice. Both

unstimulated and stimulated saliva were separately pooled and centrifuged at 10,000 g for
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30 min at 4 °C to remove cellular debris (Beckman, model Avanti ™ 325 1, rotor JA-21,
Beckman Coulter B.V. Mijdrecht, The Netherlands). The supernatants were frozen in liquid
nitrogen, stored at —80 °C and used within six weeks. SELDI-TOF-MS experiments
conducted to test the effect of different treatments and storage conditions on the low
molecular weight salivary proteins have shown that the used handling conditions have little
effect on saliva when compared with fresh saliva [40]. No precipitation of salivary proteins
was observed after thawing. The pH of unstimulated saliva ranged from 6.7 to 7.0, while
the pH of stimulated saliva was about 8. The salivary protein (SP) content both of
stimulated and unstimulated saliva was determined according to the BCA method of Pierce
using bovine serum albumin as standard. The protein content varied from 1.1 tol.3 mgmL™
for unstimulated saliva and about 0.7 mg mL™" for stimulated saliva. In this paper, with the

term saliva we indicate pooled unstimulated saliva after handling procedure.

Preparation and characterization of O/W emulsions

B-lactoglobulin- and lysozyme solutions were prepared by dissolving the protein powder
(1% w/w) overnight at 4 °C in demineralised water and 10 mM NaCl solution (59 mL),
respectively. Pre-emulsions were prepared using an Ultra-Turrax T 25 Basic (IKA-Werke
GmbH & Co. KG, Staufen, Germany) and subsequently stock emulsions were
homogenized at room temperature by 10 passes through a Delta Lab-scale homogenizer
(Delta Instruments B.V., Drachten, the Netherlands). The operating pressure was 70 bar for
[-1g stabilized emulsions and 100 bar in case of lysozyme emulsions. B-lg stabilized stock
emulsions made at pH 6.7, contained 40% w/w sunflower oil and 1% w/w emulsifier while
lysozyme stabilized stock emulsions (pH 6.7, 1% w/w protein and 10 mM NacCl) contained
20% w/w sunflower oil. Sodium azide (0.02% w/w) was added to the emulsions to prevent
microbial growth.

Light microscopy images were taken using an Olympus BX 60 Microscope equipped with
an Olympus DP 70 camera (Olympus Nederland B.V., Zoeterwoude, The Netherlands).
Droplet-size distribution and the volume-over surface average droplets diameter (ds;) were
measured by laser diffraction with the Mastersizer Hydro 2000S (Malvern Instruments,

Southborough, UK) as described in Chapter 2 [30].
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Sample preparation for rheology experiments

Emulsion/saliva mixtures were prepared at room temperature by adding thawed saliva to
diluted B-lg and lysozyme stabilized emulsions containing 10 mM NaCl in the bulk phase.
To reduce proteolytic activity, which is naturally present in saliva, samples were thawed at
room temperature shortly before each experiment. The effect of oil-volume fraction (¢#) was
studied by varying the oil phase between 2.5% w/w and 10% w/w in emulsion/saliva
mixtures containing 0.6 mg mL™" SPs, in line with a previous paper where emulsions were
mixed 1:1 with saliva [28]. The influence of salivary protein content on the emulsion/saliva
mixture has been determined at two different oil contents (2.5% w/w and 10% w/w).
Salivary protein content was therefore varied between 0.1 and 0.6 mg mL™ in a mixture
containing a 10% w/w oil phase and between 0.1 and 0.8 mg mL™ in a mixture containing
2.5% w/w oil phase. Lastly, the effect of saliva type (stimulated vs unstimulated) was
determined in two mixtures containing 0.6 mg mL™ SPs and 5% w/w oil and 0.4 mg mL"'

SPs and 10% w/w oil, respectively.

Rheology

The shear rate dependent viscosity of emulsions, saliva and the mixtures was measured in
duplicate, using a Physica MCR 301 rheometer (Anton Paar BVBA, Sint Martens Latem,
Belgium) at 20°C, using a cone-and-plate geometry CP 75-1 with an angle of 1° (0.0175 rad)
and a gap-width of 0.05 mm at the tip. The shear rate was logarithmically increased over 20
minutes from 0.1 to 1500 s™. Viscoelasticity measurements were carried out on emulsions,
saliva and their mixtures using the Vilastic-3 viscoelasticity analyzer (Vilastic Scientific
Inc., Austin, Texas, USA). This instrument is mostly used in measurements of low viscosity
fluids, in particular blood [41-43] but also saliva [15]. Measurements were performed in
duplicate using oscillatory flow in a vertical capillar with the dimension of 63.97 mm in
length and 5.04 mm in diameter. The pressure drop and volume flow across the tube are
measured with an accuracy of 2%. The pressure and flow are related to the shear stress, -
strain, -rate and viscoelasticity of the fluid as described by Thurston for the oscillation of a
viscoelastic fluid in a circular tube [44, 45]. According to the manufacturer’s protocol, a
frequency of 2 Hz was selected. The storage- and loss moduli were consequently measured
in the shear strain () range between 0.002 and 19 and shear viscosity in the shear rate range

between 0.01 and 250 s”'. The results from the viscoelasticity analyzer were in line with
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those obtained with the cone-and-plate geometry measurements but covered a smaller shear
rate range. For this reason, in case of shear viscosity, we show only the findings from the
Physica MCR 301 rheometer measurements.

As a tool to determine the increased viscosity due to saliva-induced flocculation,
independently from the emulsion viscosity under experimental conditions, we calculated
the ratio 7Jmix/ emul, Where the viscosity of the mixtures (77mix) is normalized by the viscosity
of the emulsions (7emu) (Chapter 2) [30]. To evaluate saliva influence on viscoelastic
parameters, we determined the ratio G 'ix/G emul and G "nix/ G “emut, Where G 'nix and G nix
are the storage- and loss moduli of the mixtures and Gy and G ey the storage- and loss
moduli of the emulsions. As the observed trends were independent of the applied strain, we

chose to present the results at a deformation of 1.1.

Results

Emulsion and saliva characterization

Microscopic images of the prepared emulsions revealed that emulsion droplets were
homogenously dispersed throughout the sample and emulsion flocculation was not
observed (not shown). Table 1 summarizes the droplet sizes, expressed as volume-over
surface average droplets diameter (d3;), and the related measured rheological parameters,
i.e. viscosity (77), storage- and loss moduli (G’ and G”, respectively) of the prepared
emulsions at different oil contents. Droplet diameters were similar for B-lg and lysozyme
stabilized emulsions. In line with previous measurements (Chapter 2) [30], B-lg and
lysozyme stabilized emulsions exhibited Newtonian behavior and displayed similar
viscosity values (Table 1). Storage- and loss moduli were strain independent at all studied
oil contents, with loss moduli about 10 times higher than storage moduli (Table 1). A small
but detectable increase in 7, G’ and G” was observed upon increasing the oil content
(2.5% w/w vs. 10% w/w).

Rheological parameters of unstimulated and stimulated saliva are also reported in Table 1.
Viscosities of saliva (1.15 mPa.s for stimulated and 1.18 mPa.s for unstimulated saliva) are
in line with the values reported in literature [15, 46]. G’ and G~ were strain independent for
both unstimulated and stimulated saliva with G’ and G” of unstimulated saliva being

slightly higher than those of stimulated saliva.
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Table 1 — Volume-over surface average droplet diameter (ds,), viscosity (77), storage modulus (G’)

and loss modulus (G ) of B-lactoglobulin and lysozyme stabilized emulsions at different oil content

(% w/w). nn, G’ and G of unstimulated and stimulated saliva for a SPs concentration of 0.6 mg mL"

"is reported as well.

Sample . Oil ds; n n G’ G”
(Y%ow/w) | (um) (mPas)* | (mPas)** | (mPa)** | (mPa)**
2.5 0.98(0.01) | 111(0.01) | 1.10(<0.01) | 1.17(0.13) | 14.10(0.21)
B-Lactoglobulin 5 1.10 (0.01) | 1.34(0.01) | 1.18(<0.01) | 1.18(0.13) | 14.80(0.10)
10 1.12(0.01) | 1.43(<0.01) | 1.44(<0.01) | 1.55(0.16) | 17.10 (0.04)
2.5 1.14 (0.07) | 1.07(0.06) | 1.07(<0.01) | 1.50(0.02) | 13.51(0.09)
Lysozyme 5 0.98(0.03) | 1.28(0.17) | 1.28(0.19) | 1.53(0.05) | 17.81 (5.50)
10 1.10 (0.08) | 1.39(0.03) | 1.27(<0.01) | 1.74(0.07) | 16.01 (0.08)
Unstimulated saliva - - 1.18 (0.32) | 1.23(<0.01) | 1.94(0.17) | 16.09 (0.19)
Stimulated saliva - - 1.15 (0.01) 1.16 (0.01) | 1.34(0.07) | 14.70(0.03)

* Values measured with cone-and-plate geometry at 100 s”'; ** Values measured with capillary set-up at 95 s

"and y = 1. Standard deviation is shown in parenthesis.

Effect of oil content

The effect of oil content on the rheological properties of B-lg and lysozyme stabilized

emulsions after mixing with saliva was analyzed as a function of the shear rate and

deformation. Since the two emulsions showed a similar trend in saliva-induced viscosity

changes (7mix/ emul), We report our findings only for B-lg emulsion/saliva mixtures (Figure

1). Increasing the oil content led to an increase of 77mix/7emu at all applied shear rates.

Although not easily visible, small differences in 7mix/ 77emul are still present at high shear rate

(>560s™).
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Figure 1 — Effect of oil content on the shear rate dependent 7ix/ 7emu for B-1g stabilized emulsions
after mixing with saliva (0.6 mg mL™' SPs) at 2.5% w/w (m), 5% w/w (#) and 10% w/w () oil phase.

Error bars represent the standard deviation.

The influence of the oil-volume fraction on G 'ix/G 'emul and G " 'ix/ G " emur 1S €xemplified in
Figure 2 for both emulsions. Increasing the oil content led to an augment of G 'yix/G emul
and G’ 'nix/G 'emu. Large differences in the ratios between the mixtures of saliva with the
two emulsions have been seen, especially at high volume fraction oil. At 10% w/w, the
lysozyme stabilized emulsion/saliva mixture showed a 3-fold higher value of G '1ix/G 'emul
than the B-lg emulsion/saliva mixture. By lowering the oil content, the difference between
the two mixtures became smaller until it disappeared at 2.5% w/w oil content. Moreover as
shown in Figure 2, G nix/G emu Was found to be higher than G ”nix/G “emu at all evaluated
oil contents and applied strains, indicating that mixing with saliva induced larger changes in
the storage modulus than in the loss modulus. This feature, i.e. G ix/G ‘emul larger than
G "mix/G "emul, Was @ common characteristic of emulsions upon mixing with unstimulated

saliva.
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Figure 2 — Effect of oil content on the G '1,ix/G "emui (closed symbols) and G 7 ;/G ”emur (Open symbols)
measured at y = 1.1 for B-lg (e/0) and lysozyme (A/A) stabilized emulsions after mixing with

saliva (0.6 mg mL"' SPs). Error bars represent the standard deviation.

Influence of salivary protein content and type of saliva

Figure 3 summarizes the effect of salivary protein (SPs) concentration on the saliva-
induced viscosity increase for B-Ig and lysozyme stabilized emulsions at two different oil
contents (2.5% w/w and 10% w/w). Typically, increasing the SPs concentration in the
mixtures resulted in an augment of the ratio 77mix/7emu- This effect is most pronounced at
10% w/w, for both emulsion types. In addition, in line with previous results (Chapter 2)
[30], lysozyme stabilized emulsion/saliva mixtures show a larger viscosity increase
compared to B-lg stabilized emulsion/saliva mixtures prepared at the same oil-volume
fraction. It is worth to note that comparable viscosity ratios could be obtained, for example,
when 0.4 mg mL™ SPs was added to a B-lg stabilized emulsion (10% w/w) and a lysozyme
stabilized emulsion (2.5% w/w). Clearly a combination of both SPs concentration and oil-
volume fraction is affecting the saliva-induced flocculation behavior of emulsions and

therewith the ratio 7mix/ 7emul-
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Figure 3 — Effect of salivary protein concentration on #uix/7emu at 100 s for B-lg stabilized
emulsions (e/0) and lysozyme stabilized emulsions ( A/A) after mixing with saliva at 2.5% w/w oil
content (open symbols) and 10% w/w oil content (closed symbols). Error bars represent the

standard deviation. Lines are intended to guide the eye.
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Figure 4 — Effect of SPs concentration on the strain dependent G’ix/G "emu (closed symbols) and
G ni/ G emu (Open symbols) for B-1g stabilized emulsions (10% w/w) after mixing with saliva at y

= 1.1. Error bars represent the standard deviation. Lines are intended to guide the eye.
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To conclude the analysis of the influence of SPs concentration on the rheological
parameters of emulsion/saliva mixtures, we illustrate in Figure 4 the G nix/G emu and
G 'mix/G " emu values for B-lg stabilized emulsion/saliva mixtures at 10% w/w oil. An
increase 1N G 'nix/ G 'emu and G 'mix/ G 'emut @s function of the SPs concentration is observed,
with the largest effect on G 'ix/G 'emu. Similar behavior has been observed for the other
studied oil-volume fractions, as well as for lysozyme stabilized emulsion/saliva mixtures.

The different effect of unstimulated and stimulated saliva on the shear rate dependent
Nmix/ Memu1 Of P-1g and lysozyme stabilized emulsions is shown in Figure 5. Since the protein
concentration in stimulated saliva was lower than in unstimulated saliva, we prepared
emulsion/saliva mixtures at 10% w/w and 0.4 mg mL" instead of the usually used
concentration of 0.6 mg mL™". The type of saliva had a major effect on B-lg stabilized
emulsions, since as shown, stimulated saliva induced a lower ratio 7uix/7Jemui cOmpared to
unstimulated saliva, at shear rates below 300 s. A minor effect of the type of saliva on

Imix/ Memul has been seen for lysozyme stabilized emulsion/saliva mixtures.
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Figure 5 — Effect of stimulated (open symbols) and unstimulated (closed symbols) saliva on the

shear rate dependent 7ix/ emu for B-lg (@/0) and lysozyme stabilized emulsions ( A/A) after mixing

with saliva (10% w/w oil phase; 0.4 mg mL™" SPs). Error bars represent the standard deviation.

91



Chapter 4

In line with the effect on the viscosity (Figure 5), the use of stimulated saliva in B-lg
stabilized emulsion/saliva mixtures resulted in smaller G /G emu and G mi/ G emul

compared to unstimulated saliva (Figure 6a).
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Figure 6 — Effect of stimulated (open symbols) and unstimulated (closed symbols) saliva on
G mix/G "emui (#;0) and G "nix/ G emu (A;A) for B-lg stabilized emulsions (Figure 6a) and lysozyme

stabilized emulsions (Figure 6b) after mixing with saliva (5% w/w oil phase; 0.6 mg mL™' SPs).
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Moreover, it is noted that the storage modulus of the mixture was lower compared to the G’
values of the emulsions, which resulted in the illustrated G '1ix/G emu < 1 (Figure 6a). Since
the G nix values were obtained in the measurable range of the instrument provided by the
manufacturer, we cannot provide a plausible explanation for this result. Figure 6b illustrates
G i/ G emul and G i/ G "emul for lysozyme stabilized emulsions after addition of saliva.
Remarkably, stimulated saliva induced higher G 1ix/G emut and G 'nix/G " "emur at all applied

deformations than unstimulated saliva.

Discussion

In this chapter, we studied the effect of different parameters on saliva-induced flocculation
for emulsions stabilized by B-lg (pI~ 4.9) and by lysozyme (pI~ 10.5) at neutral pH. As we
have previously reported, emulsions flocculated upon addition of saliva [28, 30], which
enhanced the viscosity, storage- and loss moduli. The increase of these parameters by saliva,
presented as the ratios 7mix/ Memul, G 'mix/ G 'emut and G "'nix/ G 'emui, can be of relevance for
understanding the oral perception of liquid emulsions. Identification of measurable physical
properties to predict perceived texture and mouth-feel has been the focus of several studies.
A number of attempts has been made to establish correlations between sensory and
rheological properties as well as to determine the exact conditions, e.g. shear stress and
shear rate, in the mouth [19-21, 47]. It is generally accepted that viscosity enhancement
plays an important role in oral sensory perception of fluid and semi-solid foods [48, 49].
Our study shows that saliva generally affects the viscoelasticity of the emulsions upon
mixing by mainly increasing the elastic component, i.e. G nix/G emu 1 larger than
G 'mix/G " emul. Correlations between increased storage modulus, loss modulus and viscosity
with sensory perception of emulsions are beyond the scope of this chapter. Nevertheless,
our results indicate the importance of including the contribution of saliva to emulsion
rheology when attempting to clarify the relation between emulsion properties and sensory
perception.

One of the main factors affecting emulsion rheology is the volume fraction of the dispersed
phase. Several studies demonstrated the effect of volume fraction by illustrating the
relationship between the emulsion relative viscosity and ¢ (up to 0.6-0.8) or by reporting
the influence of ¢ on the stability of a flocculated emulsion [50-52]. In non-flocculating

diluted emulsions, the viscosity can be theoretically calculated by using, for example, the
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Batchelor equation [53], where the viscosity of the emulsion depends on the viscosity of the
continuous phase and the oil-volume fraction of the droplets (up to ¢=0.2) [36]. In
flocculated emulsions, as obtained by the addition of salivary components, the volume
fraction of the flocculated droplets is higher than ¢, since the continuous phase is also
included in the floc structure. These emulsions exhibit a higher viscosity and a shear-
thinning behavior [28, 51, 54]. As expected from literature, raising the oil content up to
10% w/w increases the ratios 7mix/ emul, G 'mix/G emut aNd G 'mix/ G "emu s @ consequence of
the enhanced saliva-induced flocculation occurring in the system.

The addition of polymers to the continuous phase and its effect on the stability of emulsions
is extensively discussed in the emulsion literature in relation to creaming [51, 54-56],
flocculation [57-59] and rheological characteristics [32, 60]. By modulating the
concentration of added polymer, which induces changes in the internal structure of the
emulsions, the interaction between the droplets can be controlled. Although, in some cases,
the experiments have been carried out at different emulsion volume fractions, it has been
generally observed that viscosity, shear stress, storage- and loss moduli increase with
increasing polymer concentration [32, 60, 61].

In view of its composition, saliva can be considered as a colloidal dispersion of highly
structured biopolymers, e.g. salivary mucins, and micelles. Secreted salivary mucins,
MUCS5B and MUCT7, can be considered as negatively charged polysaccharides, since, as
reported by Zalewska [62], 40-80% of the mass of such mucins consist of O-linked
oligosaccharides. Sialic acid and sulphate groups, as well as aspartic and glutamic acids,
provide the molecule with a negative charge [62]. The effect of salivary protein content was
investigated in emulsion/saliva mixtures at 2.5% w/w and 10% w/w oil content. Similarly
to the oil content observations and in line with results reported in literature for other
polysaccharides, rising the SPs concentration increased 7mix/7emul, G ‘mix/G emul and
G 'mix/G " emul- In view of the fact that a liquid emulsion remains in the mouth generally less
than 10 seconds before being swallowed, it is likely that the emulsions are mixed with
saliva in a heterogeneous way. Therefore in vivo, the physical-chemical features of a
mixture may depend on the relative amounts of both saliva and oil and may vary with the
oral movements which may cause inhomogeneous mixing of the sample. We anticipate that
the combination of both these factors, i.e. salivary protein concentration as well as oil
content, might be of extreme relevance for understanding the real behavior of an emulsion

in the mouth.

94



As saliva is secreted by different glands and its properties are affected by stimulation, we
compared the effect of stimulated saliva, obtained by chewing on a piece of parafilm, with
that of unstimulated saliva. Saliva stimulation influences the protein composition, in
particular the type of secreted proteins and their concentration [1, 17, 63]. Unstimulated
saliva is composed of several proteins including o-amylase, serum albumin,
immunoglobulin and mucin, which make up for 20-30% of the protein content [64].
Stimulated saliva contains, among others, a-amylase, proline-rich protein and a lower
amount of mucin (MUC5B and MUC7). MUC7 was found in whole stimulated saliva and
parotid saliva as one of the components of the salivary micelles, together with lysozyme,
lactoferrin, a-amylase, glycosilated prolin-rich protein [65]. Salivary micelles are globular
structures with sizes in the range 40-500 nm [9, 66] with negative surface potential at
physiological pH [66, 67].

As observed in Figure 5, stimulated saliva induced lower viscosity in [-lg stabilized
emulsion/saliva mixtures than unstimulated saliva. This is in line with the previous
hypothesis [28] that mucins were causing the flocculation of B-lg emulsions by depletion.
In fact the concentration of salivary mucins is lower in stimulated saliva than in
unstimulated saliva, since up to 80% of saliva during stimulation is secreted by the parotid
glands. The observed flocculation of B-1g stabilized emulsions upon mixing with stimulated
saliva is likely induced by both salivary mucins and salivary micelles, as previously
suggested [28].

In case of lysozyme stabilized emulsions, we showed in Chapter 3 that complex formation
between emulsion and salivary proteins was responsible for the flocculation of these
emulsions [31]. In particular, MUCS5B is likely to play a role in this process, since pig
gastric mucin, which is often used as model for the MUCS5B, has shown strong interaction
with cationic macromolecules such as gelatins and chitosan [68]. Besides MUCS5B, other
salivary proteins could also interact with the positively charged droplets, explaining
therefore the small difference observed when the two different types of saliva were used.
The relative amount and type of proteins produced with the secretion of stimulated saliva
might strengthen the complex formation between saliva and lysozyme stabilized emulsion
droplets and this could explain the observed augment in G 'yix/G emu and G '1ix/ G "emu1 and

the small effect on the 7mix/ 7emul-
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Conclusions

This study aimed to elucidate the effect of several parameters, i.e. oil-volume fraction,
salivary protein concentration and type of saliva, on the rheological properties of saliva-
induced flocculated emulsions. We showed that saliva increased emulsion viscosity,
storage- and loss moduli. In particular, a larger increase in the storage modulus was
observed in both B-lg and lysozyme stabilized emulsions upon mixing with unstimulated
saliva, compared to loss modulus. Moreover, increasing the oil-volume fraction and the
amount of salivary proteins increased the viscosity, storage- and loss moduli. Lastly, the
effect of the type of saliva was analyzed. The results indicated that stimulated saliva causes
a smaller increase of the viscosity of B-lg stabilized emulsion compared to unstimulated
saliva. A decrease in storage modulus and loss modulus was observed upon mixing
stimulated saliva with B-lg stabilized emulsions. In case of the lysozyme stabilized
emulsion/saliva mixtures, compared to unstimulated, stimulated saliva increased the
storage- and loss moduli, but did not significantly affect the viscosity of this mixture.

With this study, we demonstrated that saliva has a great influence on emulsion properties
and that the rheological behavior is determined by both emulsion properties and saliva
characteristics. Therefore, we advise to include the contribution of saliva in studies which

aim to understand the oral perception of food emulsions.
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Abstract

In this chapter, we used two proteomics techniques, i.e. SELDI-TOF-MS and RP-HPLC
coupled with MS, to study the interaction between emulsions and salivary proteins and
peptides (SPs) of human unstimulated saliva in the molecular mass range between 800 and
20000 Da. This set-up combines the advantage of a rapid output and a general overview of
the data provided by SELDI-TOF-MS with the identification and sequence characterization
provided by RP-HPLC-MS. Lysozyme and B-lactoglobulin (B-lg) stabilized emulsions
were mixed with saliva to obtain a final mixture containing 10% w/w emulsion oil content
and 0.6 mg mL" SPs. Salivary components associated with emulsions droplets were
recovered after treatment with a solution of 2% SDS and were subsequently analyzed. A
total of 60 and 119 different SPs have been detected in the fractions associated with
droplets of lysozyme and [B-lg stabilized emulsions, respectively. 78 SPs were identified
with RP-HPLC-MS alone in the sample fractions associated with both emulsion droplets.
Hydrophilicity and hydrophobicity seems to play a role in the SPs < m/z 2000 that
associated with lysozyme and [-lg stabilized emulsions, respectively. Moreover
phosphorylated SPs have been found predominantly to associate with [B-lg stabilized
emulsions in the whole studied m/z range. Our results suggest that the
adsorption/association of SPs onto the droplets surface is partially driven by specific
interaction of SPs with exposed sequences of the emulsifier molecule at the emulsion oil-

water interfaces.
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Introduction

Human saliva is mainly constituted, with respect to protein composition, of glycoproteins
(e.g., mucins, proline-rich glycoproteins) [1], enzymes (e.g. a.-amylase, carbonic anhydrase)
and a wide range of small proteins and peptides (e.g. cystatins, statherin, histatins, proline-
rich proteins) which account for more than 75% in weight of the total salivary protein
content [2-5]. Salivary proteins present an array of posttranslational modifications (PTM),
including glycosylation and phosphorylation [6-10]. Increasing evidence suggests that
proteolysis can be considered a common PTM of salivary proteins occurring prior to or
during secretion [11, 12]. Most salivary proteins with molecular mass (M,) < 40 kDa are
posttranslationally cleaved into smaller fragments [13]. Proteolysis can be either complete,
leaving no trace of the parent protein or partial, yielding a mixture of intact and cleavage
products [14]. Examples of proteolytic activity as PTM include the members of the family
of histatins, statherins [5, 15] and proline-rich proteins (PRP) [16]. In case of PRP, the
complete cleavage of the product of the gene PRBI, PRB2 and PRB4 originates, for
example, basic proline-rich peptide as P-D, P-E, P-F, II-2, to name a few. Therefore, it is
not surprising that the low-molecular-weight fraction of human saliva is rich in peptides [11,
12, 16, 17]. Many of these cleavage products maintain their important biological functions,
such as the antifungal activities of histatins [3]. The biological significance of proteolytic
protein processing could be to increase the diversity of salivary proteins without the need
for additional genes encoding for such proteins [13].

Proteins and peptides in saliva have been partially characterized by conventional
biochemical strategies focused on individual molecules or specific groups of proteins [18-
21]. A promising approach rapidly gaining interest is the analysis of human saliva using
proteomic techniques. The exploration of the salivary proteome improved knowledge on
oral physiology and -compositions, e.g. acquired enamel pellicle [22] and allowed detection
and identification of novel proteins as well as the examination of changes in protein levels
under different conditions [23, 24]. Several proteomic techniques are nowadays available,
e.g., two-dimensional gel electrophoresis (2DE) followed by mass spectrometry (MS) [25-
28] and the shotgun approach of digested proteins, where the peptides are separated by
liquid chromatography (LC) and identified using MS [29]. LC methods coupled to MS/MS
are particularly suitable for separation and identification of low-molecular-weight

components and peptides [12, 16, 30-32]. Many small salivary proteins in the range 1-20
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kDa, such as PRPs, statherin, histatins, and defensins were only identified by shotgun,
whereas the smallest proteins identified by 2DE-MS were cystatins and immunoglobulin
chains with a M, equal or higher than 10 kDa.

A decade ago, surface enhanced laser desorption/ionization time-of-flight mass
spectroscopy (SELDI-TOF-MS) has been developed [33]. This new proteomic technology
combines matrix-assisted laser-desorption/ionization time-of-flight mass spectrometry
(MALDI-TOF-MS) with surface chromatography utilizing sample chips displaying various
chemically enriched and active surfaces to bind protein molecules. The technique enables
rapid and high-throughput detection of proteins and peptides directly from crude mixtures
without labor-intensive pre-processing. For this reason, SELDI-TOF-MS has been used in a
large number of studies related to diagnostic screening, biomarkers discovery in clinical
proteomics researches [34-38] as well as for studying protein-protein interaction [39] and
food protein modifications [40, 41]. Recently, it has also been applied in saliva research in
relation to the effects of sample treatment, e.g. storage condition, or for the discovery of
biomarkers for Sjogren’s syndrome [42-44].

In the last few years, it is becoming evident that knowledge on the interaction between
saliva and food during oral processing is important to understand human response to food,
including perception and consumption, as well as for example, perceived satiety [45].
Several authors reported the influence of saliva properties, such as flow, composition and
lubrication, on sensory perception and flavour release [46-50]. However, most of the
sensory studies addressing emulsion perception do not take into account the in-mouth role
of saliva to support their results. In this context, proteomics approach is an extreme
powerful tool to investigate protein-protein interaction occurring between food emulsions
and human saliva.

Recently, it has been shown that emulsion droplets stabilized, for example, by chicken egg-
white lysozyme and bovine B-lactoglobulin (B-1g), flocculated upon mixing with human
unstimulated saliva (Chapter 2) [51, 52]. Lysozyme is a 129 amino acid residues enzyme
with a M, of approximately 14.3 kDa constituting about 3% of the total chicken egg-white
proteins content. It is a small ellipsoid molecule containing 18 amino acids (aa) with basic
side chain (11 arginines, 6 lysines and 1 histidine) and 9 residues with acid side chain (7
aspartic acids, 2 glutamic acids). At physiological pH, due to the high isolectric point (pl
~10.5) [53, 54] lysozyme possesses a positive net charge. Bovine 3-1g is the predominant

whey protein in milk (up to 50% of the total amount of whey proteins) [55, 56] and
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therefore largely used as ingredient in the food industry. It consists of 162 amino acid
residues with a M, ~ 18.2 kDa and a pl of about 4.9. The molecule contains 10 aspartic
acids, 16 glutamic acids, 14 lysines, 2 arginines and 1 histidine and a free thiol group in
position 121. Furthermore, B-lg contains a hydrophobic cavity able to bind hydrophobic
compounds such as retinol [57, 58] allowing, for example, the transfer of vitamin A from
the maternal milk to the neonate.

A sensory investigation conducted on food emulsions stabilized by chicken egg-white
lysozyme and whey proteins indicated that saliva-induced flocculation has a large impact
on perception (Chapter 7) [59]. In particular, lysozyme stabilized emulsions were found to
be related to attributes such dryness, roughness and astringency. According to literature,
astringency has been related, in tannin-containing food products, to complex formation and
precipitation of a-amylase, histatins and PRPs with tannins [60-67]. Although astringency
has been also reported in studies evaluating sensory properties of dried food ingredients
such as whey and soy proteins at high protein content [68-70], it has never been described
in case of whey protein stabilized emulsions.

In chapter 3, using confocal laser scanning microscopy, we demonstrated complex
formation between salivary proteins and chicken egg-white lysozyme molecules in
aqueous solution as well as lysozyme adsorbed onto the oil-droplets surfaces, which led to
the above-mentioned emulsion flocculation [71]. Therefore, our first goal of the current
study was to identify salivary proteins and peptides (SPs) interacting (or associating) with
lysozyme stabilized emulsions droplets by using both SELDI-TOF-MS and reverse-phase
high performance liquid chromatography (RP-HPLC) couple to MS. Secondly, we studied
the SPs associated to B-lg stabilized emulsion droplets in order to better understand

flocculation behavior and sensory perception of these two emulsions.

Materials and methods

Materials

Freeze-dried [-lactoglobulin (B-lg) was provided by TI Food and Nutrition (TIFN,
Wageningen, The Netherlands) and was purified according to the previously described
method [72]. Lysozyme from chicken egg-white was kindly donated from Belovo (B1378,
Belovo, Bastogne, Belgium) while sunflower oil (Reddy, Vandemoortele, The Netherlands)

was purchased from a local retailer. BCA™ Protein Assay Kit was from Pierce
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Biotechnology Inc. (Rockford, IL, USA), RCDC Protein Assay from Bio-Rad (500-0121,
Bio-Rad Laboratories, USA), sodium azide and SDS were obtained from Merck (Shuchardt,
Germany). Proteases inhibitor (Proteases inhibitor Cocktail P8340-5mL, 096K4130) was
purchased from Sigma (Sigma, St Louis, MI, USA), sinapinic acid (SPA) from Bio-Rad
(C70-00067, Bio-Rad Laboratories, USA). HPLC-grade acetonitrile (ACN) from Riedel
(Riedel, Seelze, Germany) and trifluoroacetic acid (TFA) was from Fluka (Fluka, Buchs,
Switzerland). Trypsin was bought from Promega (Madison, WI, USA). The calibrant
mixtures for SELDI ProteinChip All-in-One Peptide Standard and ProteinChip All-in-One
Protein Standard II were obtained from Bio-Rad (C10-00005 and C10-00007, Bio-Rad
Laboratories, Nazareth Eke, Belgium). a-Cyano-4-hydroxycinnamic acid (a-CHCA) and
the calibrant mixture for the 4800 Proteomics Analyser were from Applied Biosystems

(Applied Biosystems, Foster City, CA, USA).

Collection and storage of saliva

Whole human unstimulated saliva was collected according to the procedure described in
Chapter 2 [52]. Briefly, whole human unstimulated saliva was collected from 8.30 to 10.30
a.m. from 17 healthy non-medicated volunteers. After rinsing their mouths with water,
saliva was collected with closed lips for a couple of minutes and expectorated into ice-
chilled vessels. The samples were kept constantly on ice during both donation and handling.
Saliva was centrifuged at 10000 g for 30 minutes at 4 °C to remove cellular debris and
saliva supernatant was frozen in liquid nitrogen, stored at —80 °C. Salivary protein content,
determined according to the BCA method of Pierce [73], varied from 1.1 mg mL™" to 1.3

mg mL™.

Sample preparation

B-Lg and lysozyme stabilized emulsions, pH 6.7, contained 40% w/w and 20% w/w
sunflower oil, respectively, 1% w/w protein, 10 mM NaCl and were prepared according to
the procedure reported in Chapter 2 [52]. Sodium azide (0.02% w/w) was added to the
emulsions to prevent microbial growth. Protein content in the emulsion continuous phase
was determined with the BCA method after centrifugation of 10% w/w emulsion at 120000
g at 20 °C for 1 hour (Beckman LB-60 Ultracentrifuge, rotor SW 41, Beckman Coulter,
Mijdrecht, The Netherlands).
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Emulsion/saliva mixtures were prepared by mixing the required amount of emulsions with
saliva, which was removed from —80 °C and thawed at room temperature shortly before
each experiment. The SPs concentration and emulsion oil content in the mixtures were 0.6
mg mL™" and 10% w/w, respectively. If necessary, the volume was adjusted by addition of a
10 mM NaCl solution. Proteases inhibitor was added to the mixtures to a final inhibitor
concentration of 1 mM 4-(2-aminoethyl)benzene sulfonyl fluoride, 800 uM aprotinin, 20
UM leupeptin, 40 uM bestatin, 15 uM pepstatin and 14 uM E-64, according to Schipper et
al [43]. Sample preparation is schematically represented in Figure 1. The mixtures were
centrifuged at 15000 g for 30 minutes at 4 °C (2x) using a Beckman LB-60 Ultracentrifuge
(rotor SW 41, Beckman Coulter, Mijdrecht, The Netherlands). After each centrifugation
step, the aqueous phases containing proteins and peptides not associated with the emulsion
droplets were collected and stored at -80 °C until further use. The emulsion oil droplets,
present in the so-called cream layers at the top of the tube, were removed and gently
suspended in 10 mM NaCl by using a Vortex Mix VM-300 (Gemmy Industrial Corporation,
Taiwan) prior the following centrifugation step.

After a third centrifugation, which was carried out at 15000 g at 4 °C for 1 hour, the cream
layer was suspended in a solution of 2% SDS and kept under gently agitation at room
temperature for 48 hours before being centrifuged for the last time, at 120000 g at 20 °C for
1 hour. The aqueous phase with SPs associated with the emulsion droplets, indicated as PA
(Proteins/peptides Adsorbed), was concentrated using Centriprep” Centrifugal Filter Units
with a cut-off membrane of 3 kDa (4302, Milipore B.V., Amsterdam, the Netherlands)
before further analysis, while the cream layer was discarded. Protein determination was
performed, after each step, according to the BCA method and/or with RCDC protein
method from Bio-Rad. Besides the concentration step, no further treatment was performed
on the samples prior SELDI-TOF-MS. Extensive dialysis of sample PA followed by
filtration with a Centricon 30 filter (30 kDa cut-off, Millipore USA) was performed, instead,
prior to RP-HPLC analysis. Samples concentration after recovery was about 70 pg mL™.
For comparison, only the aqueous phase after the first centrifugation step (PNA,

Proteins/peptides Non-Adsorbed) was analyzed.
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Figure 1 — Schematic representation of the experimental procedure for sample preparation and

analysis with SELDI-TOF-MS and RP-HPLC coupled to MS.

SELDI-TOF-MS

SELDI-TOF MS analysis was carried out according to Schipper et al [43], with some minor
modifications. Normal phase (NP20, C57-30043, Bio-Rad Laboratories, USA) and weak
cation exchange (CM 10, C57-30075, Bio-Rad Laboratories, USA) chip surfaces were used.
Samples were diluted to a concentration of 1 mg mL™ with Milli Q water or binding buffer
(BB) 0.1 mM ammonium acetate pH 4.5, containing 0.1% Triton-X100, prior being applied
on NP20 and CM10, respectively. Before sample loading, NP20 was premoistened with
Milli Q water while CM10 were washed 3 times (5 minutes each) with BB. 1 pL of diluted
sample was applied directly onto NP20, while onto CM10 99 pL of BB was also added to
the chips and incubated for 1 hour. NP20 sample spots were rinsed with 4 pl Milli Q water,
while CM10 was washed once with BB, twice with BB without Triton-X100 and once
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more with Milli Q water. After air-drying, 0.8 ul SPA saturated solution (SPA in 50%
ACN/0.5% TFA) was added twice to the spots of both NP20 and CM10, and air-dried prior
to reading on a Protein Chip Reader IIC instrument (Bio-Rad Laboratories, USA). Laser
intensities of 160 and 165 were used for spectra acquisition in the m/z range 1-10000 and

5000-20000, respectively.

RP-HPLC

HPLC analyses were performed using an Ultimate 3000 (LcPackings). 20 pL of each
sample (about 1.4 pg of SPs) was injected onto a C18 trapping column (Zorbax 300SB-
C18, 5 um particle size, 5 x 0.3 mm, Agilent Technologies, Santa Clara, CA, USA) using
an autosampler. The sample was washed over the trapping column for 3 minutes with 95%
buffer A (water, 0.1% TFA), 5% buffer B (ACN, 0.1% TFA) at a flow rate of 30 pl/min.
Flow was then reversed over the trapping column, and the sample was eluted onto a 150
mm X 75 um Zorbax 300SB capillary analytical C18 column with 3.5 um particle size
(Agilent Technologies, Santa Clara, CA, USA) at a flow rate of 0.3 pl/min. A linear
gradient of 5% to 55% buffer B was run over a period of 35 minutes. The column was then
washed with a 3-minutes gradient from 55% to 90% buffer B, followed by a 5-minutes hold
at 90% buffer B. The column was re-equilibrated in 5% buffer B prior to future analyses.
The separation was monitored at 214 nm using a UV detector (Dionex/LC Packings,
Sunnyvale, CA) equipped with a 3 nL flow cell. The proteins and peptides eluting off the
monolithic capillary column were deposited onto 384-well MALDI plates at 20 seconds
intervals for each spot using Probot (Dionex/LC Packings) adding 270 nL of a-CHCA
matrix solution, which was prepared by diluting saturated a-CHCA with 70% ACN/0.3%
TFA with the addition of 15fmol of Glu-Fib as internal standard.

RP-HPLC Separation and On-MALDI Plate Enzymatic Digestion

LC separation of the SPs (1.4 pg) was performed as above-described with minor
modifications. The proteins and peptides eluting off the monolithic capillary column were
directly deposited onto the MALDI plates at 20 seconds intervals for each spot (100
nL/fraction), starting 5 minutes after the beginning of the separation process, mixed with a
continuous flow of trypsin solution at 800 nL/min (0.1 pg mL™ prepared in 50 mM
NH4HCO3/ACN 10%) resulting on the deposition of a final volume of 370 nL per spot. In
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total, for every separation run, 156 fractions were collected. Following sample collection,
the plate was kept for 10 minutes at 37°C temperature in a humid chamber (more than 90%
of humidity) for digestion. Then, the plate was placed again in the Probot for matrix
deposition under a continuous flow rate of 270 nL of a-CHCA matrix solution (2mg mL™
in 70% acetonitrile/0.3% TFA and internal standard Glu-Fib at 15ftmol for MALDI-
TOF/TOF MS analysis).

Mass spectrometry and database search

Two different mass spectrometry analysis were performed for the same LC-run: concerning
the fraction of SPs < 5 kDa and on-plate digestion, peptide mass spectra were obtained with
ca. 1500 laser shots on a MALDI-TOF/TOF mass spectrometer (4800 Proteomics Analyzer,
Applied Biosystems, Europe) in the positive ion reflector mode in the m/z range between
800 and 5000. For each sample spot, a data dependent acquisition method was created to
select the six most intense peaks, excluding those from the matrix, trypsin autolysis, or
acrylamide peaks, for subsequent MS/MS data acquisition. Trypsin autolysis peaks were
used for internal calibration of the mass spectra, allowing a routine mass accuracy of better
than 20 ppm.

Spectra were processed and analysed by the Global Protein Server Workstation (Applied
Biosystems, Foster City, CA, USA), which uses internal Mascot (Matrix Science Ltd, U.K.)
software for searching the peptide mass fingerprints and MS/MS data. Searches were
performed against the Swiss-Prot non-redundant protein database with a tolerance of 200
ppm and 0.3 Da on the m/z from MS and MS/MS spectra, respectively.

Screening of SPs with M, > 5 kDa was obtained in the linear mode with ca. 1200 laser shots
on a MALDI-TOF/TOF mass spectrometer (4800 Proteomics Analyzer, Applied
Biosystems, Europe) in the m/z range between 800 and 20000.

Results

As a first approach to study the association of SPs to emulsion droplets, we performed
SELDI-TOF-MS analysis using two different arrays, i.e NP20 and CM10. An overview of
the [MH]" m/z peaks detected in the PA fraction is provided in Table 1.
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Table 1 — Summary of the SPs associated with emulsion droplets of lysozyme and B-lg stabilized
emulsions after mixing with saliva as determined by SELDI-TOF-MS [MH]" m/z in the range 2000-
20000 with NP20 and CM10 protein chips. Identified components by MALDI-TOF-MS after tryptic
digestion and data bank research are also reported. When identification was not possible, a tentative

identity is proposed based on literature.

m/z Lys | B-lg | Salivary components SELDI | MALDI | Reference

2012.9 . + | QGGNKPQGPPPPPGKPGGPPP from b PRP 1 Yes x
[42-62], P-E [12-32]; b PRP 2 [29-49]

2028.7 , + | GPPPPPGKPQGPPPQGGNKPQ from b Yes *

PRP | [49-69], b PRP 2 [36-56]

GPPPQGGNQPQGPPPPPGKPQ from b PRP 1
2029.0 - + Yes *
[99-119], P-E [8-28], b PRP 2 [25-45]

GPPPPAGGNPQQPQAPPAGQPQ from b PRP
2087.9 - + Yes *
1 [345-366], b PRP 2 [355-376]

2162.2 - + | HRP-5b Yes [74, 75]

PGKPQGPPPQDKSRSPQS from b PRP 1
2185.1 - + Yes *
[257-275] with 3 phoshorylations

2342.6 - + HHGYKRKFHEKKHHSHRGY Yes [74, 75]

PPGPAGPAGERGEQGPAGSPGFQGL
2367.7 - + | from Collagen alpha 1(I) chain [621-645] Yes *
with 1 phoshorylation

PPPGKPQGPPPQGGDQSQGPPPPPG
2367.7 - + Yes *
b PRP 4 [35-59]

GPPPQGGNQPQGPPPPPGKPQGPPP from b
2377.2 - + Yes *
PRP 1 [99-123], P-E [8-32], b PRP 2 [25-49]

2499.1 - + HRP-5a Yes [74]
2622.4 + - Histatin 1 precursor [37-57] Yes Yes * *
2626.6 - + HRP-6 Yes [74, 75]
2690.6 + - Unknown Yes

2880.6 + - Unknown Yes

Collagen alpha 6(IV) chain precursor [237-265] P
3017.6 + - ) o ] Yes Yes *
with 1 oxidation and 2 phoshorylations

3036.6 - + Histatin 5 Yes [3, 12, 74-76]
3160.0 + - Unknown Yes
3255.8 - + Unknown Yes
3347.9 + - Unknown Yes
3371.9 + - Unknown Yes
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Table 1 Continued

3448.0 + + | a-defensin 1 Yes [31]
3651.3 + - Unknown Yes
3782.8 - + Unknown Yes
3931.7 - + Collagen alpha 1(XVII) chain precursor [1107- 4

1140] with 1 oxidation and 6 phoshorylations ves Yes )
4081.8 + - Unknown Yes
4129.3 + - Statherin Yes [5]
4258.4 - + Unknown Yes
43777 + + | P-C Yes Yes’ *
4550.4 - + Unknown Yes
4928.3 - + | Histatin 1 Yes Yes * *
5006.6 - + Histatin 1 with 1 sulphation Yes *
5082.1 - + Histatin 1 with 2 sulphations Yes *
5117.7 + - Unknown Yes
5140.3 + - Unknown Yes
5203.6 - + Unknown Yes
5218.7 + - Unknown Yes
5253.4 + - Statherin isoforms * Yes [77]
5261.2 + + Cyclo-statherin Q-37 Yes *
5271.9 + - Unknown Yes
5365.3 + + Unknown Yes Yes *
5377.6 - + Statherin Yes Yes * *
5387.4 + - | Unknown Yes Yes *
5409.3 + - Unknown Yes
5514.9 - + Unknown Yes
5560.0 - + Unknown Yes
5568.3 + - Unknown Yes
5578.8 + - Unknown Yes
5590.5 + + P-H Yes *
5672.4 - + | Granulin-5 Yes Yes * [77]
5742.1 - + Unknown Yes
5782.5 + - Unknown Yes
5796.3 - + P-B Yes [16]
5844.8 + + P-F Yes *
5944.6 + + | PJ Yes *
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6006.4 Unknown Yes

6024.0 P-E Yes *

6112.9 P-E with 1 phoshorylation Yes *

6289.1 Unknown Yes

6510.7 Unknown Yes

6641.2 Unknown Yes Yes *

6868.3 Unknown Yes Yes *

6951.5 P-D Yes *

6999.0 Unknown Yes

7078.3 Unknown Yes Yes *

7147.4 Unknown Yes Yes *

7165.6 Neutrophil peptide 3 precursor Yes [29]

7245.9 Unknown Yes

7420.7 Small proline-rich protein 2E Yes [78]

7609.3 11-2 Yes *

77147 Unknown Yes

7729.9 Unknown Yes

7737.1 Unknown Yes

8056.0 Unknown Yes

8107.7 Neutrophil activating peptide Yes Yes * [45]

8266.2 Homodomain-only protein Yes [78]

8503.4 Unknown Yes

8757.7 Unknown Yes

8906.5 Unknown Yes

91473 Unknown Yes

9253.5 Unknown Yes

9509.5 IB 1 Yes *

9678.4 Unknown Yes

9721.0 Unknown Yes

9756.5 Unknown Yes

9919.7 Gene.c-abl (fragment) or Acyl-CoA-binding Yes Ves* 029, 78]
protein

10381.3 Unknown Yes

10392.8 S-100 protein P Yes [29]

10600.8 Unknown Yes

10761.5 Unknown Yes

10861.5 Unknown Yes
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Table 1 Continued

10954.4 + Unknown Yes

11009.5 - aPRP 3 Yes *
11031.6 + Unknown Yes

11075.7 - a PRP 3 with 1 phoshorylation Yes *
11109.8 + Unknown Yes Yes *

11163.9 - a PRP 3 with 2 phoshorylations Yes *
11316.5 + S100 calcium-binding protein A7 Yes [78]
11453.9 - Unknown Yes

11465.0 - Unknown Yes

11546.5 + Unknown Yes

11667.2 - S100 calcium-binding protein A14 or B PRP 1 Yes [77, 78]
11673.7 - Unknown Yes

11836.5 - Unknown Yes

12553.6 + Unknown Yes

13409.0 - Cystatin S with 2 phoshorylations Yes *
13594.9 + Unknown Yes

13615.9 - Unknown Yes

13667.5 - Histidin triad nucleotide-binding protein 1 Yes [78]
14207.8 - Unknown Yes

14260.0 + Chicken egg-white lysozyme Yes

14610.8 - CCP1 14600 Yes [79]
14697.3 - Human lysozyme with 2 phoshorylations Yes

15431.7 + aPRP 1, PIF-s Yes [10]
15443.1 + Unknown Yes [29]
15522.3 - a PRP 1 with 2 phoshorylations Yes *
15650.3 - Unknown Yes

18258.0 - B-lactoglobulin Yes

19158.4 - Unknown Yes

+ and - indicate the presence or absence of the peak in the sample, respectively, a: acidic; b: basic; [ ]

indicates the position in the protein precursor amino acidic sequence; “ Statherin isoform corresponds to

statherin sequence with a cleavage of one aspartic acid residue on N-terminal;* This study; * Difference

between m/z values observed with SELDI-TOF-MS and MALDI-TOF-MS < 5 Da.
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SELDI-TOF-MS analysis of PA and PNA obtained from lysozyme stabilized

emulsions after mixing with saliva

Figure 2 shows the SELDI profile in the [MH]" m/z range from 2000 to 5000 (a-d) and
5000-20000 (e, f) for the lysozyme emulsion/saliva mixture. The intensity scale is
optimized to offer a good visualization of the peaks. With respect to fraction PA, a
comparable number of peaks was detected on both chips in the [MH]" m/z range from 2000
to 5000, although several peaks were only found on one array. For example, peaks at
[MH]" m/z of 2690.6, 3651.3, 4550.4 have been observed on the NP20 array (Figure 2a),
while peaks at 2880.6, 3017.6, 3448.0 and 4377.7 were detected only with CM10 (Figure
2¢). In the PNA fraction, a larger number of peaks was detected using the NP20 Proteinchip
(i.e. 12 peaks on NP20 vs. 6 on CM10) in the m/z range 2000-5000. All the peaks detected
on CM10, with the exception of m/z 4772.1, were also found on NP20. Comparison
between PA and PNA fractions in m/z 2000-5000, showed that only one [MH]" m/z, i.e.
4377.7 (peptide P-C, identified by LC-MS/MS approach), was found in both samples.
Figure 2e and 2f illustrate typical SELDI-TOF-MS spectra obtained in the [MH]" m/z range
5000-20000 with NP20. This protein chip offered better results than CM10 in terms of
number of detected peaks. 26 different peaks have been detected in fraction PA. Four major
peaks were observed at [MH]" m/z 5365.3, 11109.8, 14260, 15431.7, plus several of minor
intensities as, for example, at m/z 5117.7, 5578.8, and 9756.5 (Figure 2e).

In the PNA fraction, 28 peaks were observed, of which 3 at [MH] m/z 5782.5, 7136.9 and
14223.9 with high intensities (Figure 2f). Four peaks, i.e. 5365.3+4.3, 5578.8+0.4,
5782.5+0.7 and the large peak at 14200, have been seen in both PA and PNA. However the
intensity of the peaks at m/z 5365.3 and 5782.5 varied respectively 4- and 10 fold,
indicating that the former is principally present in PA and the latter in PNA. The peak at
14200 is assigned to the chicken lysozyme molecule used to prepare the emulsions, which
is also present in the aqueous phase of the emulsion with a concentration of 7.6 mg mL™".

The large peak at m/z 7136.9 is probably the double charge of the lysozyme molecule.
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Figure 2 — SELDI-TOF-MS profiles of PA (a, c and ¢) and PNA (b, d and f) fractions of emulsion
droplets of lysozyme stabilized emulsions after mixing with saliva in the m/z ranges 2000-5000 (a-d)
and 5000-20000 (e, f) using NP 20 and CM 10 arrays. Arrows indicate the positions of peaks
detected only in the specified chip.
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SELDI-TOF-MS analysis of PA and PNA obtained from p-lactoglobulin

stabilized emulsions after mixing with saliva

Analogously to the results described above, Figure 3 illustrates the PA and PNA SELDI-
TOF-MS profiles obtained from B-lg stabilized emulsion/saliva mixtures in the two [MH]"
m/z ranges.

Between m/z 2000 and 5000, PA sample showed comparable number of peaks on NP20 and
CM10 (Figure 3a and 3c) with only 2 peaks, i.e. [MH]" m/z of 3036.6 and 4928.3 (histatin I,
identified by LC-MS/MS approach), present on both arrays. In the PNA fraction (Figure 3b
and 3d), the amount of peaks detected with NP20 and CM10 was substantially lower
compared to the number of peaks observed in PNA from lysozyme emulsion/saliva mixture.
Moreover, when PA and PNA of B-Ig stabilized emulsion/saliva mixtures were analyzed in
search of similarities, no peaks in common were discovered in the considered m/z interval.
Figure 3e and 3f report the SELDI-TOF-MS spectra obtained with NP20 in [MH]" m/z
5000-20000. 26 and 29 peaks have been detected in the PA and PNA fractions, respectively.
Unfortunately, as seen in Figure 3e and 3f, not all the detected peaks are easily visible. 4
peaks have been found in both PA and PNA, i.e. [MH]" m/z averaged 5365.0<1.7, 6006.4
+1.0, 7714.7£5.3, 9253.5£1.8, with m/z 5365 which was also found in the lysozyme
emulsion/saliva mixture.

In line with the findings from the lysozyme stabilized emulsion/saliva mixture, SPs are
associating with B-1g stabilized emulsion droplets as well (see Table 1). Furthermore, since
only 4 SPs were present in both PA and PNA fractions in m/z range 5000-20000, a specific
mechanism is likely responsible for the interaction of SPs with the surface of 3-lg emulsion

droplets.
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Figure 3 — SELDI-TOF-MS profiles of PA (a, ¢ and e) and PNA (b, d and f) of B-lg stabilized
emulsions after mixing with saliva in the m/z ranges 2000-5000 (a-d) and 5000-20000 (e and f)

using NP 20 and CM 10 arrays. Arrows indicate the position of the peaks found in PA which have

been detected with both chips.
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LC-MS analysis of PA and PNA obtained from lysozyme stabilized

emulsion/saliva mixtures

Figure 4 illustrates typical RP-HPLC chromatograms of PA and PNA fractions of lysozyme
emulsion/saliva mixtures. The LC pattern of whole unstimulated saliva is only provided as
reference and will not be further discussed. PA and PNA exhibited unique chromatographic
profiles with respectively 7 peaks (retention time 40-48 min) and 44 peaks (retention time
14-48 min).

A total of 14 peptides have been identified in the PA fraction in the [MH]" m/z range 800-
5000. Eleven peptides between m/z 800 and 2000 are separately reported in Table 2. As
shown, 8 peptides, mostly containing the sequence HEKHHSH, derived from the histatin 3
precursor while sequences YLYEIAR ([MH]" m/z 927.51), KVPQVSTPTLVEVSR ([MH]"
m/z 1639.93) and PFIAIHAESKL ([MH]" m/z 1225.71) originated from serum albumin and
pancreatic a-amylase precursor, respectively. All peptides have basic pls (pI> 7.2) with the
exception of YLYEIAR, which displays a calculated isoelectric point of 6. Moreover, they
are characterized by a hydrophilic motif and/or the presence of basic amino acids i.e. lysine,
arginine, histidine and hydrophilic tyrosine as terminal residues (Table 2). In addition to the
above mentioned SPs, [MH]" m/z 2622.4 and 3017.6 have been assigned to fragment 37-57
of histatins 1 precursor and fragment 237-265 of collagen alpha 6(IV) chain precursor,
respectively. [MH]" m/z 4377.7 corresponds to the peptide P-C (Tablel).

Figure 5a shows, as an example, a typical MALDI-TOF-MS spectrum of the fraction
collected at elution time of 43.6 minutes in sample PA. Numerous ions were easily resolved
as well as the identified peptides KRHHGYK ([MH]" m/z 925.52), SHAKRHHGYK
([IMH]" m/z 1220.66) and HEKHHSHRGY ([MH]" m/z 1287.60) from histatin 3. Figure 5b
illustrates the MALDI-TOF/TOF MS/MS spectra of peptide SHAKRHHGYK. The
majority of the detected fragments belonged to the N-terminal end “b” series and only y4
and ye were obtained for the “y” series (C-terminal end). An “a” fragment for the dipeptide
HA as well as other internal fragments, e.g. HH or HG, were found. In addition, we have
reported the two fragments AKRHHGYK and HAKRHHGY which putatively correspond
to the observed m/z 1036.09 and 1092.58.
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Figure 4 — (a) RP-HPLC profiles of PA (1) and PNA (2) of lysozyme stabilized emulsions mixed

with saliva. As reference, saliva is shown in profile 3. (b) Enlargement of the 21-34 min elution

range of PNA meant to illustrate some peaks and elution time of some peptides identified after MS.

120



905.71

100] I a)

907
- 30: KRHHGYK HEKHHSHRGY
B 1
2 501 SHAKRHHGYK
i w0l | 92552 1287.60
R 1335.67

1220.66 1404.73 1487|164
201 1098.06 1124.54  1186.60
107 I |
E Yo Y.

1800- b) H (6( ) y

1600  SHAKRHHGYK
o 1))
g e b, by bs bg SHAKRHHGY (1092.58)
-g 1000:
S 800 2 AKRHHGYK (1036.09)

4 B1-H20| b2
y6
b6

400

900 1000 1100 1200

Figure 5 — (a) MALDI-TOF-MS spectra obtained with reflector mode in the [MH]+ m/z range
between 900 and 1500 of the fraction PA eluted at retention time of 43.6 min. As an example, the
identified peptides at m/z 925.52, 1220.66, 1287.60 are shown. (b) MALDI-TOF/TOF MS/MS
analysis of the histatin 3 peptide SHAKRHHGYK ([MH]" m/z 1220.66). Product b-ions and y-ions
are indicated with the subscript which denotes the number of amino acid residue retained by the
production. Putative internal sequences AKRHHGYK and SHAKRHHGY and the corresponding

m/z value are reported.

LC-MS analysis of the PNA fraction of the lysozyme emulsion/saliva mixtures resulted in
the identification of 169 different peptides in the M, range 800-5000 Da. Enlargement of
the region 21 to 34 minutes shows the position and some identified sequences (Figure 4b).
The complete list, as well as retention time, observed mass, pl, and precursor protein is
reported in the Appendix A. Peptides originated from protein precursors as basic salivary

proline-rich protein 3 (b PRP 3) precursor, b PRP 4 allele S precursor, statherin, histatin 1,
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Wiskott-Aldrich syndrome protein family member 2, CGl protein, bromodomain-
containing protein, splicing factor and polymeric-immunoglobulin receptor. The isoelectric
points, calculated using the Expasy ProtParam Tool without taking in account PTM, show
that 96 peptides have pl < 6.5, while 73 possess a basic pl. Phosphorylation, oxidation and
pyroglutamination were found in 26 peptides. With regard to amino acid composition, the
presence of hydrophobic stretches alternated to hydrophilic single amino acids, or short
clusters of hydrophilic amino acids, seems to be the most common feature. Furthermore, we
found 24 peptides derived from histatins 1, of which 3 are very similar to some of the
peptides from histatins 3 in the PA fraction. Interestingly, these peptides (i.e.
HEKHHSHREFPF [MH]" m/z 1587.73, FHEKHHSHREFPF [MH]" m/z 1784.89,
EKHHSHREFPF [MH]" m/z 1450.75) differ from those in PA (e.g. HEKHHSHRGY),
mainly for the presence at the C-terminal end of the motif EFPF instead of GY. It seems
therefore that the substitution of the polar aromatic tyrosine with the non-polar aromatic
phenylalanine, which lacks the OH group on the benzene ring, could be important in
preventing the interaction of the peptides with the lysozyme molecules at the emulsion
droplet interfaces.

Figure 6a and 6b illustrate as example two MALDI-TOF-MS spectra for PA and PNA
samples, respectively conducted to evaluate the presence of proteins with M, > 5 kDa. In
general, in the PA sample, only a few peaks above m/z 5000 were identified. Seven proteins
have been identified in the PA sample with LC-MS in the [MH]" m/z range 5000-20000
(Table 1). Just to name a few, [MH]" m/z 5261.2 belongs to cyclo-statherin Q-37, [MH]"
m/z 5590.5 and 6024 correspond to peptides P-H and P-E (Figure 6a), respectively. Other
peaks at higher m/z, such as 14141, 15734, 16904 and 17094 (not shown), had very low MS
intensities and could not be identified.

In case of PNA, the MALDI-TOF-MS spectrum in the [MH]" m/z range 5000-20000, as
displayed in Figure 6b, strongly resembled the SELDI-TOF-MS profile in Figure 2f. A
major peak of m/z 14293 corresponds to the chicken egg-white lysozyme used to prepare
the emulsion. In the same [MH]" m/z range, peptides P-H (m/z 5590.5), non-phosphorylated
II-2 (m/z 7525.9) and IB1 (m/z 9509.5) were identified as well.
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Figure 6 — MALDI-TOF-MS spectra obtained with linear mode of PA (a, m/z range 800-20000) and
PNA (b, m/z range 5000-20000) from lysozyme stabilized emulsion/saliva mixture. As example, the
identified proline-rich peptide P-E is shown. The peak m/z 7147 is the double charged species of the
m/z 14293,

LC-MS analysis of PA and PNA obtained from B-lactoglobulin stabilized

emulsion/saliva mixtures.

Figure 7a shows the RP-HPLC chromatograms of PA and PNA from B-lg stabilized
emulsions after mixing with saliva. The samples have distinct patterns with 17 and 43
peaks resolved, respectively.

A total of 166 different peptides from 800 to 5000 Da have been identified, of which 48
were associated with the emulsions oil droplets and 118 were instead found in the PNA
fraction. Table 2 reports a summary of the peptide sequence, retention time, PTM, pl, as
well as start and end position of the sequence in the precursor proteins for the peptides
identified associated with -1g stabilized emulsion droplets below m/z 2000, while m/z in
the range 2000-20000 are reported in Table 1. Pyroglutamination, phosphorylation and

oxidation have been detected in 13 peptides (Tables 1 and 2). The foremost protein
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precursors were the basic salivary proline-rich proteins 1 (b PRP 1) precursor, b PRP 2
precursor, b PRP 4 allele M precursor, proline-rich peptide P-E, salivary acidic proline-rich
phosphoprotein 1/2 precursor. Chondroitin sulfate glucuronyltransferase, collagen alpha 2
(VIII) and collagen alpha 1(I) chain have been seen as precursors, as well. The identified
sequences, with a pl 5.96-10.18, are constituted mainly of stretches of 3-6 non-polar amino
acids, in particular proline and glycine as shown in the motif PPPGKPQ or QGPPPPG,
which are frequently repeated or alternated combined together to form longer peptides.
Only the PGKPQGPPPQGDKSRSPQS sequence ([MH]™ m/z 2185.12) was identified to
contain the hydrophilic underlined cluster of 5 aa combined with the common motif
PGKPQ or QGPPP. No aromatic amino acids were found, with the exception of
phenylalanine in the PPGPAGPAGERGEQGPAGSPSGFQGL sequence ([MH]™ m/z
2367.72).
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Figure 7 — (a) RP-HPLC profiles of PA (1) and PNA (2) of B-Ig stabilized emulsions mixed with
saliva. As reference saliva is shown in profile 3. (b) Enlargement of the 21-34 min elution range of

PNA meant to illustrate some of the peptides identified after MS.
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Chapter 5

The identities of SPs non-associated with B-lg stabilized emulsions are reported in
Appendix A. As an example, Figure 7b shows an enlargement of the RP-HPLC region with
retention time 21 to 34 minutes of the PNA fraction. Peptide precursors were PRPs,
statherin precursor, Wiskott-Aldrich syndrome protein family member 2 and 4, Abl-
interactor 2, early growth response protein 2, fosB, splicing factor and acetylcholinesterase
collagenic tail peptide. 61 peptides had an acid isoelectric point (pI< 6.7) while 56 had a pl
in the range 8-12.3. Although peptides were rich in proline clusters, unique structural
features could not be clearly recognized. Larger variations in terms of type and positions of
amino acids, as well as length of repeated motifs or of the total sequence were observed
when compared with the PA fraction. Furthermore, cysteines and methionines, not detected
in PA, were present in 11 PNA sequences, within the motifs ACC, CTM or PPPPPPPML.
Moreover, only the following 3 peptides GPPPPPGKPQ, GPPPPPPGKPQ and
GPPPQGGNKPQ were found in both PA and PNA fractions analyzed from B-Ig
emulsion/saliva mixtures.

Analogously to lysozyme, Figure 8 illustrates the MALDI-TOF-MS spectrum obtained in
the high molecular range (m/z 5000-20000) for the fraction associated with B-lg stabilized

emulsion droplets.
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Figure 8 — MALDI-TOF-MS spectra obtained with linear mode in the m/z range 800-20000 of PA
from B-lg stabilized emulsion/saliva mixture. The identified histatin 1, acidic (a) PRP 3 and human

lysozyme are indicated.
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Several proteins such as histatin, statherin and proline-rich proteins, as well as their PTMs
isoforms, could be identified in this sample. For example, m/z 5006.6 and 5082.1 were
identified as fragment 20-57 of the histatins 1 precursor (peak m/z 4926.9) having 1
sulphation and 2 sulphations, respectively. Cyclo-statherin Q-37 ([MH]™ m/z 5262,3),
statherin ((MH]™ m/z 5374,8) identified as well. Basic proline-rich peptide P-E and the
same peptide with 1 phosphorylation were assigned to [MH]" m/z 6024.3 and 6112.9,
respectively. Furthermore, other proline-rich proteins were also found, such as the acidic
PRP 1 (2 phosphorylations), acidic PRP 3 (non-phosphorylated) and acidic PRP 3 (1
phosphorylation) at 15522.3, 11009.5 and 11075.7, respectively. Cystatins S with 2
phosphorylation ((MH]" m/z 13409.7) and human lysozyme ([MH]" m/z 14697.3) were also
identified.

With regard to the PNA sample, instead, peaks in the m/z above 5000 were only observed
in a few MS spectra. No spectra of this sample are presented since they were very similar to
those observed in Figure 6b with two major peaks at 7000 and 14000. In the [MH]" m/z
range 5000-20000, peptide P-H (m/z 5590.5), and non-phosphorylated 11-2 (m/z 7525.9)
which were also present in PNA from lysozyme emulsion/saliva mixtures were identified.
Moreover, basic proline-rich peptide P-E with 1 phosphorylation, as in PA was assigned to

[MH]" m/z 6024.3.

Discussion

This paper describes the application of SELDI-TOF-MS and LC-MS to study the
interaction between salivary components (in the range between 800 and 20000 Da) and oil-
water interfaces which have been stabilized by chicken egg-white lysozyme or bovine [3-
lactoglobulin. Combining these two techniques offers several advantages. For example,
compared to LC-MS experiments, SELDI-TOF-MS provides a rapid response and a clear
overview of the differences and/or similarities between samples within the same
emulsion/saliva mixture or between mixtures, with modest effort in data managing.
Moreover little sample preparation, with no need for the extensive dialysis necessary to
remove the SDS, was required. On the other hand, LC-MS and data bank research provided
us with the identification of salivary proteins and peptides in the emulsion/saliva mixtures,
as well as other useful features, such as the peptide sequence and the presence of PTMs.

Furthermore, LC-MS enabled the detection of small peptides in the m/z range 800-2000
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which were not observed with SELDI-TOF-MS experiments. This combined information
might increase our understanding of the interaction mechanism of salivary proteins and
peptides with the oil-droplets surface.

More than 200 protein and peptides were detected in each mixture in total, considering both
SELDI-TOF-MS results and the LC-MS identified compounds. Our findings suggest that
salivary components distinctly separated between the aqueous phase of the emulsion,
indicated as PNA, and the oil phase constituted of the emulsion droplets (PA samples).
Only few components were found to be in common in both PA and PNA fractions. For
example, peptide P-C and P-H were the only ones observed in both fractions of lysozyme
emulsion/saliva mixtures in the m/z range 800-5000 and 5000-20000, respectively. Similar
results have been seen in the -lg stabilized emulsion where 5 SPs, i.e. peptide P-H, P-E
and the small 3 peptides GPPPPPGKPQ (m/z 971.5), GPPPPPPGKPQ (m/z 1068.5) and
GPPPQGGNKPQ (m/z 1076.5) were present in both fractions in the considered M, range.
To unravel the mechanism of the interaction of salivary proteins with lysozyme and [3-Ig
stabilized emulsion droplets, several aspects must be considered. Firstly, it is important to
realize that protein adsorption at the oil-water interface, which occurs predominantly via
hydrophobic segments, often results in changes of the molecular conformation of the
emulsifying protein until the most favorable is reached [80-82]. Information about exposure
of aromatic amino acids, percentage of secondary structure (e.g. a-helix), surface
hydrophobicity upon adsorption of lysozyme and B-lg to air-water interfaces is available in
literature [83-86]. However, detailed information, for example, of which amino acids of the
proteins at the oil-water interfaces are exposed to the aqueous is not available yet. Globular
proteins, such as lysozyme and B-lIg adsorb mostly as relatively compact globules, with a
low degree of unfolding [85, 87]. Analogously to the air-water interfaces [83, 85], it is
likely that at the oil-water interfaces these proteins expose the same amino acids as in their
native state in solution. Secondly, due to the different pls, lysozyme and B-lg, at
physiological pH, carry a net positive and negative charge, respectively, inducing a
different overall net surface charge on the droplets. Therefore, one might simply expect an
electrostatically driven interaction mechanism of oppositely charged salivary molecules
with the emulsion droplets to occur. Nevertheless, the exposure of polar amino acids, or the
presence of a particular protein sequence could favor adsorption of salivary compounds to
the surface, not only via electrostatics but also via hydrogen bonds, or a sequence specific

interaction, as well. In addition, a last point of attention concerning the structure and
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protein organization of saliva must be mentioned. Since it has been calculated that 4-20%
of whole salivary proteins is present in form of micellar aggregates [13, 88-92], it is
plausible that some of the SPs found in the PA fraction belong to adsorbed complexes
rather than being single molecules interacting with the droplet surface. The presence of
crosslinks or complexes between several salivary proteins, could allow SPs that do not have
affinity to the emulsion droplets to be included into the oil droplets phase. Since at this
stage of the research, we are not able to distinguish how SPs are interacting with the
emulsion droplets, i.e. directly or as part of adsorbed complex, we use both the terms
adsorbed or associated as synonyms.

Bearing these considerations in mind, our work suggests that properties of the oil droplets
interfaces are important for determining which SPs are associated to the emulsions oil-
phase. A total number of 60 and 119 different components have been detected in the
fractions associated with droplets of lysozyme and B-lg stabilized emulsions, respectively.
Taking into account the amino acid composition, hydrophilicity and hydrophobicity of the
sequences rather than only the net charge carried at physiological pH, the results provide
indications that interaction of SPs in the m/z range 800-2000 with emulsion droplets
surfaces is driven by a surface specific mechanism. For example, presence of GY or EFPF
at the C-terminal end of the HEKHHSHR determined, without variation in the positive net
charge, if this peptide was associated or not with the lysozyme stabilized emulsion droplets.
It might also be interesting to note that lysozyme molecules possess sequences which could
interact with the detected peptides. The sequence KFESNFNTQATNRNTDGSTDY, from
the position 33 to 53, is particularly rich in polar side chain residues and contains two
aspartic acids, one arginine and one lysine. Although in the native state only the sequence
QATNRNTD is exposed as part of a loop between two B-sheets, these 8 aa could be
potentially sufficient for determining an interaction. Moreover, the hydrophilic sequence
from aa 112 to 129 at the C-terminal end of the lysozyme molecules was found to be
exposed towards the aqueous solution at air-water interfaces [85] and might play a role as
well.

In case of SPs associated with B-lg stabilized emulsions, the presence of long stretches of
non-polar residues contained in both net positively and negatively charged peptides point to
a role of surface specific interaction with the droplets as well. Although no clear evidence
for electrostatics could be pointed out, due to the complexity of the system and the amount

of SPs involved, it also could not be completely ruled out. The presence of PTM such as
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pyroglutamination, phosphorylation and sulphation, which were found mainly in PA from
B-lg emulsion/saliva mixtures, could be another indication for a specific role of the protein
surface layer of the emulsions.

Furthermore, when comparing the so-far detected/identified salivary species, 14 SPs, e.g.
basic proline-rich peptide P-E, were found in PA fractions of both emulsions (Table 1).
This last finding might also suggest that adsorption of saliva components to emulsion
droplets could involve a multi-step process. Specifically driven adsorption of small peptides
(M, < 2 kDa) onto emulsion droplets could favor further interactions of the droplets with
other salivary proteins with a mechanism similar to the multi-layer deposition on emulsions
droplets [93, 94]. Although beyond the scope of this chapter, it would be of interest to study
the different adsorption kinetics of the here-indicated salivary molecules which would also
provide information on a possible multi-step mechanism.

The identification of salivary components associated with emulsion droplets can also be
very helpful in understanding the sensory perception of food emulsions. In fact, in line with
the mechanism of astringency induced by tannins, we showed that saliva-induced
flocculation of lysozyme stabilized emulsions was due to complex formation between SPs
and the droplets producing subsequently a clear astringent sensation of this emulsion
(Chapters 3 and 7) [59, 71]. In this study, we have identified several SPs involved in
droplet flocculation of lysozyme stabilized emulsion and therefore likely in astringency.
Both small peptides derived from histatin 3 (M, < 2 kDa) and a large number of other not
completely identified salivary proteins in the M, 2-20 kDa, have been found to be
associated with these emulsion droplets. Furthermore, we have also shown that interaction
between SPs (M, 1-20 kDa) and the B-lactoglobulin emulsion droplets surface is also
occurring and typical astringency-related proteins, such as PRP and histatins, were found
associated with these emulsions. Even though emulsions stabilized by whey protein, which
is composed mainly of B-Ig, have been reported to be perceived as creamy, a 10% (w/v)
solution of whey protein has also been reported as astringent [68, 69]. However, this
protein solution is 40-fold more concentrated compared with the emulsifier concentration in
the studied emulsion/saliva mixtures.

Our results indicate that different SPs are involved in adsorption with emulsion droplets
and might play a role in the sensory perception of the studied emulsions, as well. To
conclude, this work, which showed that protein-protein interaction between SPs and food

emulsion droplets occurs, might provide a new point of view for investigating the cause of
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the sensorial experience of food emulsions in the mouth by studying at a molecular level

the interaction with salivary components.

Conclusions

In this chapter we combined two proteomics techniques, i.e. SELDI-TOF-MS and LC-MS,
to study which SPs associated with emulsion droplets. In this way, the advantage of having
rapid results and general overview of the data are joined with the identification and
sequence characterization provided by LC-MS.

Results show that a substantial number of SPs in the M, range 800-20000 Da are interacting
with emulsion droplets stabilized by lysozyme and B-lg. To our knowledge, this is the first
time that salivary components have been reported to adsorb onto the oil-water interface of a
B-lg stabilized emulsion.

Eleven peptides (< 2 kDa), mostly containing a hydrophilic sequence derived from the
histatin 3 precursor, serum albumin and pancreatic a-amylase precursor, were found in PA
of the lysozyme stabilized emulsion after mixing with unstimulated saliva. In contrast, 37
peptides, containing non-polar proline stretches, which derived mostly from different
salivary PRPs, were identified in PA from [-lg stabilized emulsions. In the M, range above
2 kDa, among others SPs, different statherin isoforms have been observed to be associated
with lysozyme emulsions droplets, while histatins, PRPs, cystatin S associated with B-Ig
stabilized emulsions. Furthermore, only a few SPs were found in common in the PA and
PNA fractions in each emulsion/saliva mixtures, as well as in the two PA fractions from
both emulsions, e.g. peptide P-E. Our results suggest that adsorption/association of salivary
protein and peptides onto the droplets surface is related to the type of proteins at the
emulsion oil-water interfaces. Interaction with the droplets seems to be driven by the
presence of specific sequences structural surfaces features rather than being only an

electrostatically driven interaction mechanism.
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Chapter 6

Abstract

In this chapter, we investigated the interaction of emulsions, stabilized by lysozyme and 3-
lactoglobulin (B-1g), with salivary proteins and peptides (SPs) with a molecular mass (M,)
above about 10 kDa using different techniques, i.e. infrared spectroscopy, Western blotting,
PAS staining and SDS-PAGE coupled to MS.

Results show that the high M, mucin MUC5B was strongly bound to lysozyme stabilized
emulsions, whereas B-lg stabilized emulsion droplets associated with mucin MUC7 and,
moderately, MUCS5B. Furthermore, we observed that salivary proteins in the range M, 10-
100 kDa also associated differently with emulsion droplets. A large majority of SPs was
found to interact with lysozyme stabilized emulsion droplets while in case of B-lg stabilized
emulsions, the SPs distribute more evenly between the fraction associated and non-
associated with the droplets. A clear example is o-amylase (M, ~ 55 kDa) which
predominantly associates with lysozyme stabilized emulsion droplets, but not with B-lg
emulsion droplets. Our findings indicate that adsorption/association of salivary protein
components onto the droplets surface is related to the type of emulsifying proteins at the

oil-water interfaces.
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Introduction

Saliva has multifunctional roles in speech, lubrication, digestion of food and maintaining
oral and general health [1-3]. Among other proteins, saliva is constituted of glycoproteins,
a-amylase, immunoglobulins, lactoferrin and a wide range of peptides such as cystatins,
statherin, histatins and proline-rich proteins [2, 4-6]. The molecular mass (M,) of salivary
proteins and peptides varies from a few kDa for small peptides to more than 200 kDa for
the large secreted glycoproteins, i.e. mucins [7]. Two types of secretory mucins are present
in human saliva: the polymeric MUCS5B (M, 1000-40000 kDa), which consists of about
15% protein and 78% carbohydrate, and the monomeric MUC7 (M, 200-300 kDa)
comprised of about 30% protein and 68% carbohydrate [8-11]. Fucose, galactose, mannose,
sialic acid, N-acetyl-glucosamine and N-acetyl-galactosamine constitute the typical
monosaccharides present in salivary mucins [12-14]. Different species of MUCS5B varying
in the carbohydrate moiety and length of polysaccharide chains have been detected [14-19].
Besides the difference in M,, MUC7 differs from MUCS5B in the number and type of
residues on the carbohydrate chain. Two different isoforms of MUC7 varying in sialic acid
and fucose content have been reported [12].

Several separation techniques have been used to analyze saliva and to evaluate its protein
composition (see [20] for a recent review). Sodium dodecyl sulfate polyacrylamide gel
electrophoresis (SDS-PAGE) has been widely employed to study the protein composition,
typically in the range M, 10-120 kDa, of whole saliva [21], specific gland saliva [22-24]
and salivary complexes [25, 26]. Moreover, SDS-PAGE has proven a valuable technique
for characterization of salivary proteins interacting with the tooth surface, thereby forming
the acquired enamel pellicle [21, 23, 27, 28] and those adsorbed at air-water interfaces [29].
When SDS-PAGE is used to analyze mucin containing samples, these molecules are found
on the top of the gel, since even in a 4% running gel mucins migrate only a small distance
into the gel. Detection of mucins (and other glycoproteins) is typically performed with
period acid Schiff (PAS) staining or by using specific monoclonal antibodies [16, 18, 23,
25, 30, 31].

Another technique which is emerging as a rapid tool to analyze, for example, mucous
samples, is Fourier Transform Infrared spectroscopy (FTIR) [32-34]. Recently, a
methodology using Attenuated Total Reflection infrared spectroscopy (ATR-FTIR) for the

analysis of swabs taken from distinct parts of the oral cavity after oral processing of
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dressings and emulsions was reported (Chapter 7) [35, 36]. The interpretation of infrared
spectra, for the analysis of the sample composition, involves the correlation of absorption
bands in the obtained infrared spectrum with the known absorption frequencies for different
types of molecular bonds.

The increasing interest of food scientists to understand the influence of saliva on sensory
perception has raised the issue of how saliva interacts with food products and its ingredients.
Biochemical techniques, e.g., SDS-PAGE, have been used to investigate, for example, the
interaction between polyphenols and salivary proteins in order to understand the molecular
origin of astringency [37, 38].

Recently, we used SELDI-TOF-MS and liquid chromatography coupled to mass
spectrometry (LC-MS) to study the interaction between salivary proteins/peptides (SPs) and
emulsion droplets (Chapter 5) [39]. A large number of SPs in the molecular mass range
below 20 kDa were found to be associated with emulsion droplets stabilized by lysozyme
and B-lactoglobulin (B-lg). The differences in the salivary proteins found at the oil-water
interface of the two investigated emulsions were attributed to a selective interaction
between SPs and the droplet surface (Chapter 5) [39].

Knowledge of the interaction between emulsion droplets and salivary proteins is important
to understand the oral behavior of emulsions in relation to sensory perception. Positively
charged emulsions, e.g., stabilized by lysozyme (M, of about 14 kDa and a pI ~ 10.5), and
negatively charged emulsions, i.e. stabilized by B-lg (M, ~ 18 kDa and a pl ~ 4.9) showed,
as a consequence of flocculation, different rheological behavior upon mixing with saliva
(Chapters 2 and 4) [40, 41] and differences in sensory perception (Chapter 7) [35].
Lysozyme stabilized emulsions were characterized by attributes such as dryness, roughness
and astringency, while emulsions stabilized by isolated whey protein, of which B-lg is the
main component, were perceived as creamy and fatty (Chapter 7) [35, 42]. Astringent
sensation characterizes, for example, the perception of red wine, grapefruit and tea. It is
attributed to the formation of insoluble complexes between salivary histatins and proline-
rich proteins with tannins [43, 44]. In case of lysozyme stabilized emulsion/saliva mixtures
it was observed that emulsion droplets where imbedded in a proteinaceous matrix which led
to the formation of flocs (Chapter 3) [45].

This chapter describes the results of a study aiming to investigate the interaction between

emulsion droplets stabilized by lysozyme and B-lg, respectively, and salivary proteins with
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M, above 10 kDa by using different techniques, i.e. infrared spectroscopy, Western blotting
and SDS-PAGE coupled to mass spectrometry (1D-MS).

Materials and methods

Materials

Freeze-dried B-lactoglobulin was provided by TI Food and Nutrition (TIFN, Wageningen,
The Netherlands) and was purified as described previously [46]. The powder contains 93.6
% w/w proteins (N x 6.38). Lysozyme from chicken egg white, purchased from Belovo
(L6876, batch 016K1189), was desalted on a Sephadex G10 column (flow rate was 40 ml
min™ and pressure 0.4 mPa, eluted with water de-gassed with He). The eluent was freeze
dried and stored at —20 °C until further use. Bovine serum albumin (A-7030-100g, batch
109H1072) and casein (C8654-500g batch 026K0156) were obtained from Sigma-Aldrich
Chemie B.V. (Zwijndrecht, The Netherlands) and used without further purification.
Sunflower oil (Reddy, Vandemoortele, The Netherlands) was purchased from a local
retailer; BCA™ Protein Assay Kit was from Pierce Biotechnology Inc. (Rockford, IL,
USA), RCDC Protein Assay from Bio-Rad (500-0121, Bio-Rad Laboratories, USA) and
sodium azide was obtained from Merck (Shuchardt, Germany). Protease inhibitors
(Proteases inhibitor Cocktail P8340-5mL, 096K4130) were purchased from Sigma (Sigma,
St Louis, MI, USA). Primary antibody against MUC5B (F2; batch 5G2) and MUC7
(CpMG2; batch 2A4) were kindly donated by Prof. dr. E.C.I. Veerman from the Vrije
Universiteit (Amsterdam). Polyclonal Goat Anti-Rabbit Immunoglobulins/AP (D0487,
DakoCytomation Denmark A/S, Glostrup, Denmark) and Rabbit anti-Mouse IgG (H+L)
conjugated with alkaline phosphatase (81-6722, Zymed Laboratories, CA94080, USA)
were used as secondary antibodies for staining MUCS5B and MUCT7, respectively. Fuchin
Sulfite reagent (S5133) was purchased from Sigma (St Louis, MI, USA), trypsin from
Promega (Madison, WI, USA), and a-Cyano-4-hydroxycinnamic acid and calibrant
mixture for the 4700 Proteomics Analyser were purchased from Applied Biosystems

(Foster City, CA, USA).
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Saliva, emulsions and samples preparation

Whole human unstimulated saliva was collected according to the procedure described in
chapter 2 [40]. After collection and centrifugation, saliva supernatant, indicated as saliva,
was frozen in liquid nitrogen, stored at —80 °C and used within six weeks. Salivary protein
content, determined according to the BCA method of Pierce [47] using bovine serum
albumin as standard, varied from 1.1 mg mL™" to 1.4 mg mL™"

B-Lg and lysozyme stabilized emulsions, pH 6.7, contained 40 % w/w and 20 % w/w
sunflower oil, respectively, 1 % w/w protein, 10 mM NaCl and were prepared according to
the procedure in chapter 2 [40]. Sodium azide (0.02 % w/w) was added to the emulsions to
prevent microbial growth.

Emulsion/saliva mixtures were prepared by mixing the required amount of emulsions with
saliva, which was removed from —80 °C and thawed at room temperature shortly before
each experiment. The final SP concentration in the mixtures was 0.6 mg mL™". The
emulsion oil content was 2.5 % w/w in infrared spectroscopy experiments, and 10 % w/w
in SDS-PAGE and Western blotting experiments. If necessary the volume was adjusted by
addition of a 10 mM NaCl solution.

Protease inhibitors were added to the mixtures according to Schipper et al. [48]. Sample
fractionation (Figure 1) was performed according to the protocol reported in chapter 5 with
some minor changes [39]. Briefly, the mixtures were centrifuged twice for 30 minutes and
once for 1 hour at 15000 g and 4 °C using a Beckman LB-60 Ultracentrifuge (rotor SW 41,
Beckman Coulter, Mijdrecht, The Netherlands). After each centrifugation step, the aqueous
phases containing proteins not associated with the emulsion droplets, were collected and
stored at -80 °C until further use. The emulsion oil droplets, present in the so-called cream
layers at the top of the tube, were removed and gently suspended in 10 mM NaCl by using
a Vortex Mix VM-300 (Gemmy Industrial Corporation, Taiwan) prior to the following
centrifugation step. After the third centrifugation, the cream layer was suspended in a
solution of 2% SDS and kept under gentle agitation at room temperature for 48 hours
before being centrifuged for the last time, at 120000 g at 20 °C for 1 hour. The aqueous
phase with salivary proteins initially associated with the emulsion droplets is indicated in
the text with PA (Protein-Associated). Before further analysis, samples were concentrated
using Centriprep” Centrifugal Filter Units with a cut-off membrane of 3 kDa (4302,
Milipore B.V., Amsterdam, the Netherlands). Protein content determination and SDS-

PAGE were performed as control before and after sample concentration with all samples
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after each centrifugation step. For comparison with PA, we only show the aqueous phase
containing SPs not associated with emulsion droplets after the first centrifugation (PNA;
Protein Non-Associated), since samples after second and third centrifugation only

contained the emulsifying proteins.

ATR-FTIR
Emulsion/saliva mixtures el
Centrifugation 15000
Conniugston $%009 * Aqueous phase _»  SDS-PAGE
Cream layer in NaCl 10mM PNA —  Western blotting
Centrifugation 15000 g
for 1h at 4°C \ 1D'MS

Cream layer in 2% SDS solution
Centrifugation 120000g — Cream layer
for 1h at 20°C (discarded)
Aqueous phase
Concentration with
CO 3 kDa
PA — 1D-MS

Glycoprotein determination

N

Western blotting
SDS-PAGE  (anti MUC5B and MUC?)

(PAS staining)

ATR-FTIR

Figure 1 — Experimental procedure for sample preparation and analysis of salivary protein
associated (PA) or non-associated (PNA) with the emulsion oil phase of lysozyme and B-lg

stabilized emulsions.

Attenuated Total Reflectance Fourier Transform InfraRed spectroscopy (ATR-
FTIR)

ATR-FTIR spectra were recorded on a Bio-Rad FTS 6000 equipped with a DTGS detector.
20 uL of the sample was transferred onto a germanium crystal (1 x 8 cm) and air dried
before analysis. After 10 minutes of sample equilibration inside the sample chamber, 50
spectra were accumulated in the region of 4000-800 cm™, with a spectral resolution of 2
cm’ prior to zero-filling and Fourier transformation, using a speed of 5 kHz and a filter of
1.2 kHz and subsequently averaged.

A mixture of fucose (357.9 pg mL™), N-acetyl-galactosamine (495 pg mL™), N-acetyl-
glucosamine (586.7 ug mL™), galactose (485.9 ng mL™), glucose (441.5 ng mL™") and

mannose (478.8 pg mL"') was analyzed as a reference for carbohydrates. As second
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standard, fetuin (1.91 mg mL™") was used. The influence of SDS used in the sample

preparation procedure was taken into account by separately analyzing the SDS solution.

Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE)

Samples were mixed 1:1 with a buffer containing 0.62 M TrisHCI pH 6.8, 12.5% SDS,
50% glycerol, 0.25% bromophenolblue and 2.5% [-mercaptoethanol. Subsequently, they
were incubated for 5 minutes at 100 °C and 15 pL, corresponding to the amount of 30 ug
proteins, were applied to a 4-20 % gradient gel (25244, Pierce, Rockford IL, USA).
Electrophoresis was carried out at 120 V for 45 minutes with a MINI-PROTEAN II (Bio-
Rad Laboratories, Ivry sur Seine, France). HEPES solution from Pierce (28398, Pierce,
Rockford IL, USA) containing 0.1M Tris, 0.1 M HEPES, 3 mM SDS pH 8 was used as
running buffer. The gels were fixed in 40% methanol, 10% acetic acid for 1 hour and
glycoproteins were visualized with the Schiff’s Fuchin Sulfite reagent (S5133, Sigma, St
Louis, MI, USA) according to the method of Kapitany [49]. Precision Plus Protein Standard
All Blue (161-0373, Bio-Rad, USA) was used as a standard.

Before performing SDS electrophoresis, the samples have been treated with 2D-Clean Up
Kit (84-6484-51, Amersham-Biosciences, UK) according to the manufacturer instructions
and suspended in rehydration buffer containing 8 M urea, 2 M thiourea, 1% CHAPS and 13
mM DTT. Samples were then diluted 1:5 in the above mentioned sample buffer and 15 pL,
corresponding to 50 pg protein, was loaded on 15% running gel. Electrophoresis was run
on a Hoefer Mini VE (Amersham-Biosciences 80-6418-77 SN: 20086062, UK) at 200 V
for 1 hour and 30 minutes. Gels were stained overnight with Coomassie staining. The
proteins in each band were quantified using Quantitation software (Quantity One, Bio-Rad,
USA) and the amount was indicated by the measured volume i.e. optical density
(OD)*mmz. The volume of each band (Vy.ng) was normalized with the volume (V) of the
band of phophorylase b from rabbit muscle, at 97 kDa contained in the marker (Marker
Protein Mixture, 17044601, Lot. 214172, Amersham-Biosciences, UK). The average of 8

repeated gel electrophoresis experiments was taken.

Western blotting

Western blotting was performed to determine mucins using antibodies directed against

MUCS5B (mAbF2) [30] and MUC7 (CpMG2) [16]. After SDS gel electrophoresis, each
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sample was transferred to a polyvinylidene difluoride membrane (162-0177, Bio-Rad
Hercules, CA, USA) and washed briefly with Tris Buffered Saline (TBS; 20 mM Tris, 150
mM NaCl pH 7.6). Membranes were incubated at room temperature for 1 hour with a
blocking solution containing 3% bovine serum albumin and 1% casein in TBS, before
being washed 3 times for 10 minutes each with TTBS buffer (0.02 M Tris, 0.15 M NaCl pH
7.5, 0.1% Tween-20). Incubation with a primary antibody anti MUC5B and MUC7
(dilution 1:1000 in TBS) was performed overnight at 4 °C under gentle agitation.
Monoclonal anti-MUCS5B recognizes the SO*-3GalB1-3GlcNAc moiety of the sulfo-Lewis®
antigen [30] while the antibody anti-MUC7 targets the peptide sequence
NLLNRIIDDMVEQ, which occupies the amino acids position from 365 to 377 at the C-
terminal end [16]. After three washing steps with TTBS of 10 minutes, the membranes
were incubated with secondary antibodies (dilution of 1:2000 in TBS) for 2 hours at room
temperature. Polyclonal Goat Anti-Rabbit Immunoglobulins/AP (Dako, Denmark) and
Rabbit anti-Mouse IgG (H+L) conjugated with alkaline phosphatase (Zymed, USA) were
used against the primary antibodies anti-MUCS5B and anti-MUC?7, respectively. Membranes
were washed and color development was obtained by addition of BCIP (5-bromo-4-chloro-
3-indolyl-phosphate) and NBT (nitrobluetetrazolium) according to the manufacturer’s

instructions (Sigma, USA).

Tryptic digestion, mass spectrometry and database search

The protein bands were excised with a pipette tip from the gel and transferred to an
eppendorf tube. The gel pieces were washed three times with 25 mM ammonium
bicarbornate/50 % acetonitrile (ACN), once with ACN and dried in a SpeedVac (Thermo
Savant). 25 pL of 10 pg mL"' sequence grade modified porcine trypsin in 25 mM
ammonium bicarbonate was added to the dried gel pieces and the samples were incubated
overnight at 37 °C. Extraction of tryptic peptides was performed by addition of 10% of
formic acid (FA)/50% ACN, three times, before being lyophilised in a SpeedVac (Thermo
Savant, Farmingdale, NY, USA).

Tryptic peptides were resuspended in 10 pL of a 50% ACN/0.1% FA solution. The samples
were mixed (1:1) with a matrix consisting of a saturated solution of o-cyano-4-
hydroxycinnamic acid prepared in 50% ACN/0.1% FA. Aliquots of samples (1 pL) were
spotted onto the MALDI sample target plate.
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Peptide mass spectra were obtained on a MALDI-TOF/TOF mass spectrometer (4800
Proteomics Analyzer, Applied Biosystems, Europe) in the positive ion reflector mode.
Spectra were obtained in the mass range between 800 and 5000 Da with ca. 1500 laser
shots. For each sample spot, a data dependent acquisition method was created to select the
six most intense peaks, excluding those from the matrix, trypsin autolysis, or acrylamide
peaks, for subsequent MS/MS data acquisition. Trypsin autolysis peaks were used for
internal calibration of the mass spectra, allowing a routine mass accuracy of better than 20
ppm.

Spectra were processed and analysed by the Global Protein Server Workstation (Applied
Biosystems, Foster City, CA, USA), which uses internal Mascot (Matrix Science Ltd, U.K.)
software for searching the peptide mass fingerprints and MS/MS data. Searches were
performed against the Swiss-Prot non-redundant protein database with a tolerance of 200

ppm and 0.3 Da on the m/z from MS and MS/MS spectra, respectively.

Results

ATR-FTIR

Figure 2 shows the ATR-FTIR spectra obtained for saliva (spectrum a) and the fractions PA
and PNA (spectra b and ¢) obtained from lysozyme stabilized emulsion/saliva mixtures. As
references, the spectra of SDS solution and monosaccharides mixture are shown in spectra
d and e, respectively. The spectrum of PA contains a number of peaks which were also
observed in the reference spectra, while the PNA spectrum shows great similarities with the
spectrum of saliva. Several peaks belonging to different functional groups were identified.
The peak at 2926 cm™, visible in spectra b-d, is assigned to the CH,, CH; and OH of lipid
and carbon backbone structure, while the peak at 2058 cm™' (spectra a and ¢) corresponds to
the diazoketones found in saliva [32, 33]. The 1700-1500 cm™ mid infrared region
exhibited the characteristic absorption band associated to the peptide bond (CO-NH) of
proteins and peptides. The peaks at 1658 cm™ and 1544 cm™ correspond respectively to the
stretching vibration of C=0O group (amide I) and to the bending vibration of the N-H
(amide II). Amide I was detected only in PA, whereas both peaks of amide I and amide II
were found in saliva as well as in the PNA fraction. The 1300-900 cm™ range (enlarged in
Figure 2, bottom) is the typical infrared absorption interval of phosphate-carrying groups
and carbohydrates. The 1086 cm™ peak is usually assigned to PO, and the peak at 1080
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cm™ corresponds to the C-O and C=S bonds of sugar. Although not clearly visible due to
the broadness of the band, both these two peaks were found in saliva, PNA and the

monosaccharides mixture used as reference (spectra a, ¢ and e).
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Figure 2 — Infrared spectra obtained in the 4000-800 cm™ range (top) and 1400-800 cm™ (bottom)
for whole saliva (a), PA and PNA from lysozyme emulsion upon mixing with saliva (b and ¢
respectively), SDS (d) and reference solution containing fucose, N-acetyl-galactosamine, N-acetyl-

glucosamine, galactose, glucose and mannose (e).
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The peak at 1086 cm™ is found in both the PA and SDS solution spectra (b and d) as well.
In line with the FTIR spectra of the monosaccharides solution, a large infrared band from
1080-1014 cm™, with a maximum at 1047 cm™ is found in the PA fraction (spectrum b),
which indicates the presence of glycoprotein in this sample. Similar results were obtained

with the PA fraction from -1g emulsion/saliva mixture (not shown).

Western blotting for mucin identification

The presence of mucins in PA and PNA fractions of lysozyme and B-lg stabilized
emulsions upon mixing with saliva was analyzed with SDS-PAGE and Western blotting
(Figure 3). PAS staining was used to detect the glycoproteins (Figure 3a). Mucins were
further identified with Western blotting using anti-MUCS5B and anti-MUC7 antibodies
(Figure 3b and 3c, respectively).

Two PAS-positive bands were visible in the PA fraction (Figure 3a, lane 2) obtained from
lysozyme emulsion/saliva mixtures. The first band appeared on top of the stacking gel and
the second band was observed between 150 and 250 kDa. The positions of these bands are
in line with literature [12, 16, 18, 23, 50, 51] and correspond to the high-M, mucin MUC5B
(the first band) and to MUC7 (the second band). No bands were visible with the PAS
colouring in the PNA fraction of lysozyme emulsion/saliva mixtures (Figure 3a, lane 3).
Western blotting performed on the lysozyme emulsion/saliva mixture revealed that both
MUCS5B and MUC?7 were present in the PA fraction (lane 2, Figures 3b and 3c). Moreover,
MUC7, which was not visible with the PAS staining, was detected in the PNA fraction
(Figure 3c, lane 3).

PAS staining of B-lg stabilized emulsions mixed with saliva showed two bands
corresponding respectively to MUCSB and MUC?7 in the PA fraction and one band, i.e.
MUCSB, in the PNA fraction (Figure 3a, lanes 4 and 5). This finding was further confirmed
by the Western blotting analysis (Figures 3b and 3c).

These results, in line with the ATR-FTIR measurements, confirm the presence of
glycoprotein, namely mucins, associated with the emulsion oil droplets. Moreover, they
revealed that MUCS5B and MUCT7 interact differently with emulsions stabilized by
lysozyme and B-Ig.
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Figure 3 — SDS-PAGE on a 4-20 % gradient gel after PAS staining (a) and Western blotting
performed with monoclonal anti-MUCS5B (b) and anti-MUC?7 antibodies (c). Lane 1 shows Stain
All Marker, lanes 2-5 show the different fractions, i.e. PA (lanes 2 and 4) and PNA (lanes 3 and 5)
obtained from lysozyme emulsion/saliva mixtures (lanes 2-3) and B-lg emulsion/saliva mixtures

(lanes 4-5). Arrows indicate the position of the bands.
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1D-MS

Figure 4 shows the SDS-PAGE results of the PA and PNA fractions obtained from both
lysozyme and [-lg stabilized emulsions upon mixing with saliva. Table 1 summarizes the
identity of the proteins, M,, isoelectric points (pls) and the normalized volume of each band.
Unfortunately, only a few proteins could be identified with this approach. Possibly, protein
identification was compromised by the low SPs concentrations and the extremely low
yields of the peptide extraction procedure which is commonly not more than 1% [52].

As observed in case of lysozyme emulsions mixed with saliva, the majority of the SPs was
present in the PA fraction, as clearly visible in lane 3. Polymeric immunoglobulin receptor
precursor (M, 83261.7 Da), serum albumin precursor (M, 69321.5 Da) and different
isoforms of a-amylase, i.e. salivary a-amylase precursor (M, 57730.9 Da), pancreatic o-
amylase precursor (M, 57670 Da) and a-amylase 2B precursor (M, 57673 Da) were
identified. The large band at 14 kDa is chicken egg-white lysozyme used to stabilize the
emulsions (Chapter 5) [39]. Cystatin S precursor (M, 16204 Da) was identified as well. The
PNA fraction of lysozyme emulsions mixed with saliva showed only a few bands with low
intensity, with M, of about 55 kDa and below 14 kDa (Figure 4a, lane 3). As in the PA
sample, the intense band at 14 kDa is chicken egg-white lysozyme, which is present in the
aqueous phase of the emulsion at a concentration of 7.6 mg mL™" (Chapter 5) [39].

In case of B-lg emulsion/saliva mixtures, SPs are more equally distributed between the PA
and PNA fractions (Figure 4a lanes 5 and 6, respectively). To better evaluate the
differences between these two samples, Figure 4b reports the optical density patterns of
both fractions. The arrows are meant to illustrate the major differences in optical density
profiles between the PA and PNA fractions while the asterisks indicate 3-lg that is present
in both fractions.

Two peaks in the M, range > 66 kDa were only clearly visible in the PA fraction. Polymeric
immunoglobulin receptor precursor (M, 83261.7 Da) was identified in the peak with the
highest M,. Moreover PA showed enrichment in SPs of about 40-45 kDa which is attributed
to the actin cytoplasmic 1 and 2 (M, 41765.8 Da and M, 41709.7 Da, respectively), and Ig
a-2 chain C region and Ig o-1 chain C region (M, 36485.1 Da and 37630.6 Da,
respectively). Carbonic anhydrase IV precursor (M, 35342.6 Da) was also identified while

the basic proline-rich proteins at about 43 kDa [22] were not observed.
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Figure 4 — (a) SDS-PAGE of a 15 % gel loaded with 50 pg of proteins and stained with Coomassie:
marker (lanel), saliva (lane 2), PA and PNA obtained from lysozyme emulsion/saliva mixtures
(lane 3-4) and B-lg emulsion/saliva mixtures (lane 5-6). Bands were excised and subjected to in-gel
digestion and MS analysis. Numbers on the right of the gel refer to the excised bands for which
proteins have been identified and reported Table 1. (b) OD analysis performed with density tracer
tool of Quantity One software of the PA and PNA fractions of 3-lg emulsion/saliva mixtures. The
saliva profile is reported for comparison and the marker (M) is reported to clarify position of the
observed peaks. Arrows indicate the position of major changes in the profiles of the PA fraction

compared to the PNA fraction. * indicates the -lg band.
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A large peak with M, < 14 kDa (Figure 4b), probably containing proline-rich proteins, such
as the previously detected acidic PRP 3 (Chapter 5) [39], was observed in this fraction.

The band containing salivary a-amylase at about 55 kDa is almost exclusively present in
the PNA sample as well as cystatin S precursor (M, 16204 Da) and cystatin SN precursor
(M, 16351.3 Da) which were identified in the PNA but not in the PA fraction.

Comparison of the PA fractions of the two emulsion/saliva mixtures points to
dissimilarities in terms of positions and intensities of the bands (Figure 4a and Table 1). For
example, a-amylase (band 3) is mostly associated with emulsion droplets in the lysozyme
stabilized emulsion/saliva mixture, but not in that of B-lg emulsions. Oppositely, bands 5
and 6 were predominantly detected in the PA fraction of B-Ig emulsion/saliva mixtures.
Furthermore, an intense and broad band at about 30 kDa was detected in PA from lysozyme
emulsions while a less intense band (band 7) was seen in case of the B-Ig emulsion/saliva
mixture. In line with the results obtained from the PAS staining and Western blotting, the
emulsifiers used to stabilize emulsions affect the interaction of emulsion droplets with SPs

in the M, range < 100 kDa as well.

Discussion

This chapter describes the characterization of the salivary components (M, > about 10 kDa)
interacting with oil-water interfaces, which have been stabilized by egg-white chicken
lysozyme or bovine -1g. Different techniques were used to investigate the presence of high
molecular mass glycoproteins, namely mucins, as well as protein molecules in the M, range
10-100 kDa.

ATR-FTIR and PAS staining, used as rapid screening techniques, showed some first
indications of the presence of salivary glycoproteins in the fractions containing SPs
associated with emulsion droplets (Figures 2 and 3a). Salivary mucins were subsequently
identified with monoclonal antibodies. In our study, both MUC5B and MUC7 were
associated with PA fractions of the investigated emulsions. Interestingly, MUC7 was also
detected in the PNA fraction from the lysozyme emulsion/saliva mixtures, whereas for the
B-lg emulsion/saliva mixture MUCSB was present in the PNA fraction (Figures 3b and 3c).
The global analysis of salivary proteins between 10 and 120 kDa is nowadays generally
performed using two-dimensional gel electrophoresis (2DE) [53-55]. In our case, the

presence of mucins in PA fractions interferes with the isoelectric focusing in the first
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Table 1 — Identified proteins in fractions associated with emulsion droplets (PA) and not associated
with emulsion droplets (PNA) of lysozyme (Lys) and [-lg stabilized emulsions upon mixing with

saliva (sal).

. Swiss- Lys emul/sal -
Band | Identified M, ys e B-lg emul/sal
. Prot pl mix mix *
no. | Protein (Da)
number PA PNA PA PNA
Polymeric Ig 0.83 0.12 0.84 0.64
U] receptor precursor POI833 | 8326171 358 1 04y | (0.01) | (0.10) | (0.06)
) Myotubularm' Q13496 | 69887.6 | 8.38 0.65 031 061 0.83
Serum albumin P02768 | 69321.5 | 5.92 | (009 | (0.02) | (0.02) | (0.21)
precursor
Salivary P04745 | 577309 | 6.47
o-amylase precursor
3 o-amylase2B 1.51 0.72 0.67 2.26
precursor PI9961 1 57673 | 6.64 1 08y | (0.09) | (0.15) | (0.50)
Pancreatic P04746 | 57670 | 6.6
o-amylase precursor
Actin
4 | cytoplasmic 2 P63261 1 417658 | 33113 | 050 | 028 | 027
Actin 060709 | 417007 | 508 | Q0D | (©:02) | (0.02) | (0.04)
cytoplasmic 1
Ig alpha-1 chain C
s | region POI8T6 | 376306 1 6.07 1 35 | 020 | o046 | 027
e 0.02) | (0.02) | (0.04) | (0.02
Ig glpha 2 chain C P01877 | 36485.1 | 5.71 (0.02) | (0.02) | (0.04) | (0.02)
region
g?rbr‘;iﬁrsgfydm“ P23280 | 35342.6 | 6.65
. Zinlz a3 027 | 020 | 056 | 027
-alpha-2- 0.02) | (0.01) | (0.06) | (0.01
glycoprotein P25311 33850.9 | 5.57 ( )|« )| )|« )
precursor
COP9 signalosome
1.85 0.2 052 | 035
7 | complex QYH9Q2 | 29603.4 | 5.83
O (0.11) | (0.02) | (0.04) | (0.05)
Cystatin SN
g precursor PC01037 | 16351.3 | 6.82 1.14 03 0.79 1.24

0.52) | (0.02) | (0.02) | (0.36)

Cystatin S precursor P01036 16204 | 4.95

* indicates the ratio Vi, /Vsy where Vg is the volume of each band and 'V, is the volume of the band at 97

kDa in the marker, standard deviation is reported in parenthesis.

dimension of 2DE [56]. The large amount of lysozyme (pI~ 10.5) and B-lg (pI~ 4.9) in
samples containing SPs associated with the emulsion droplets disturbs the separation and
masks SPs with similar pls, as well. Moreover, only non-ionic and zwitterionic detergents
can be used to solubilize proteins and allow their correct separation according to their pl.

SDS was used for its property of being an efficient remover of mucous films from polar and
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nonpolar surfaces [57]. Dialysis to remove SDS is known to cause sample losses. In
consideration of the mentioned drawbacks of 2DE, we decided to use a one-dimensional gel
electrophoresis followed by MS to gain insight into the identity of SPs associating with
emulsion droplets. Mucins are excluded from the molecular-weight range of separation in
most commonly used polyacrylamide gels and therefore do not interfere with the separation
of smaller proteins. Furthermore, the concentration of SDS used in the procedure is
compatible with this technique, since the samples were diluted in gel electrophoresis
sample buffer containing 12.5% SDS.

As shown in Figure 4, interaction between emulsion droplets and saliva is not limited to
MUCS5B and MUC7, but also involves other salivary proteins in the M, range 10-100 kDa
such as polymeric Ig receptor precursor, amylase and low-molecular-weight protein
fractions (M, <20 kDa). As for the salivary mucins, differences in the electrophoretic
patterns of the two PA samples from B-lg and lysozyme stabilized emulsion/saliva mixtures
are clearly visible. These findings indicate that the emulsifier adsorbed at the oil-water
interface is affecting the interaction of SPs with the emulsion droplets likely via a selective
adsorption of SPs to the droplets surface.

Similar results have been obtained for SPs in the M, range 0.8-20 kDa which has been
previously investigated with LC-MS (Chapter 5) [39]. For example, among other proteins,
cyclo-statherin Q37, collagen alpha 6 chain precursor and acidic PRP 1 were associated
with lysozyme stabilized emulsion droplets, while histatins 1 and cystatin S with emulsion
droplets of B-lactoglobulin stabilized emulsions (Chapter 5) [39].

A known paradigm of selective adsorption of salivary proteins onto surfaces in the oral
cavity is the formation of the acquired enamel pellicle on the teeth [58]. Several studies
have shown that a large number of proteins and peptides is involved in pellicle formation,
including MUC5B, MUC?7 and salivary micelles [59-63]. Proteomic analysis of in vivo
enamel pellicle has so far resulted in the identification of about 130 different proteins [59,
60]. The composition of the pellicle changes with time [64]. Salivary proteins such as
proline-rich proteins, cystatins and statherin, dominate the early stages of pellicle formation,
while mucins seem to be most abundant in the late pellicle [28, 64, 65]. Adsorption
experiments of polished tooth enamel incubated with saliva showed that mucins were not
among the first proteins to adsorb [65, 66]. In addition, although interaction of mucins with
lysozyme has been observed in human bronchial secretions [67], it was recently reported

that the layer-by-layer mucus assembly in vitro at pH 7 via interaction of MUC5B with
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other positively charged proteins including lysozyme could not be achieved [68]. Similarly
to the enamel pellicle, it is possible that adsorption of saliva components to emulsion
droplets could involve a multi-layer process with low-molecular-weight proteins (M, <18
kDa) adsorbed in early stage, followed by adsorption of mucins. A multi-layer adsorption
mechanism of salivary proteins at oil-water interfaces was hypothesized in chapter 5 based
on results from a LC-MS study conducted on the same samples [39].

It is plausible that the SPs adsorbed both as single molecules and as complexes onto the
droplet surface. Literature reports that 4-20% of the total salivary protein is present in saliva
in the form of micellar aggregates [25, 26, 50, 69-71]. MUCS5B isolated from human
submandibular/sublingual secretion forms heterotypic complexes with a-amylase, prolin-
rich protein, statherin and histatin [26]. Analogously to the high-molecular-weight mucin,
MUCT participates in the formation of the salivary micelles together with sIgA, lactoferrin,
a-amylase, glycosylated prolin-rich protein and lysozyme [25] or forms small
heterodimeric complexes with lactoferrin in submandibular/sublingual secretion [50]. The
observation that MUCS5B and a-amylase segregated similarly in the PA and PNA fractions
of lysozyme and B-lg emulsion/saliva mixtures, might be an indication for the interaction of
SPs complexes with droplet surfaces. Another example of adsorption of SPs to the droplets
as complexes might be represented by the co-fractionation of MUC7 and a-amylase in the
PNA fraction of the lysozyme stabilized emulsion/saliva mixtures. However, none of the
other proteins in salivary micelles was identified in the same PNA fraction.

Knowledge of the interaction between emulsion droplets and SPs may be helpful to
understand the perception of these two emulsions and the compositional characteristics of
saliva in the oral cavity upon interaction with food, as shown in Figure 4a. The removal of
the SPs from the oral fluid, such as MUCSB in lysozyme emulsion/saliva mixtures, could
induce a variation is saliva properties, e.g., reduced lubrication, which is believed to
determine the perception of astringency [43, 72-76]. Moreover, similarly to our results, the
interaction of mucins of the tongue mucus layer with the droplets can explain the
observation that lysozyme and isolated whey protein stabilized emulsion droplets were
present on the tongue after emulsions intake and even after rinsing with water (Chapter 7)
[35].

To conclude, this work showed that interaction between saliva and food emulsion droplets

involves a large number of salivary proteins in the whole analyzed molecular mass range.
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Moreover, the results suggest that adsorption of salivary proteins onto emulsion droplets

plays an important role in saliva-induced flocculation and consequently in perception.

Conclusions

We presented the results of a study of the association of salivary mucins and proteins in the
M, range 10-100 kDa with emulsion droplets stabilized by lysozyme and B-lactoglobulin.
To our knowledge, this is the first time that salivary proteins have been reported to adsorb
onto the oil-water interface of B-lactoglobulin stabilized emulsions.

Our results indicate that adsorption/association of salivary protein and peptides onto the
droplets surface is related to the type of protein at the emulsion oil-water interface. In case
of lysozyme stabilized emulsions, MUC5B was found only in the PA fraction while MUC7
was found in both PA and PNA fractions. Oppositely, in B-lg stabilized emulsions, MUC5B
was found in both PA and PNA fractions and MUC7 was only present in the PA fraction.
Almost all proteins in the M, range 10-100 kDa were associated with the emulsion droplets
of lysozyme stabilized emulsions, while in case of B-lg stabilized emulsions SP were quite
evenly distributed between the PNA and PA fractions.

These findings point to the importance of studying the interaction between saliva and food
emulsions at a molecular level, in order to understand the oral behavior of emulsions and

subsequently sensory perception.
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Chapter 7

Abstract

The perception of food emulsions often cannot be directly related to the structure of the
products before consumption. Taking into account the changes in the product structure
upon oral processing might increase understanding of the relation between perception and
product properties.

This study aimed to gain insight into the effect of saliva-induced flocculation on perception
of emulsions at neutral pH. Therefore, we compared emulsions stabilized by whey protein
(WPI), which reversibly flocculated by saliva, with lysozyme stabilized emulsions which
showed irreversible flocculation upon addition of saliva. Besides the emulsifying protein
(WPI vs. lysozyme), we studied the influence of oil content (2.5% w/w vs. 10% w/w) and
emulsion thickening with guar gum (at 10% w/w oil) on perception. To relate perception to
the processes occurring in the oral cavity, the emulsions were characterized before and after
oral processing with respect to rheological properties (viscosity, storage and loss moduli).
In addition, insight into retention of emulsion droplets to the tongue surface was obtained
by measuring emulsifier and oil content in tongue swabs.

Saliva-induced emulsion flocculation clearly shows a large effect on perception of the
studied emulsions. WPI stabilized emulsions showed little retention to the tongue surface
and perception was characterized by creaminess, fattiness and thickness. Guar gum
thickening further increased perception of these attributes. Perception of lysozyme
stabilized emulsions, instead, was largely related to attributes like dryness, roughness and
astringency. In addition, a large viscosity increase upon oral processing and clear retention
of emulsion droplets on the tongue surface was observed. The behavior of these emulsions
resembles the astringent perception of tannins, which precipitate salivary proteins and cause
losses in lubrication. The addition of guar gum decreases the effects of lysozyme, likely

because of its lubricating properties.
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Introduction

Perception of food products, as for example emulsions, is becoming increasingly important
in relation to product design and evaluation since food perception often cannot be related to
the structural properties of the product before consumption. Oral processing of food
emulsions involves mixing with saliva, shearing between palate and tongue, heating or
cooling to body temperature, and in some cases changing the pH. Taking into account the
changes in the product structure upon oral processing might increase the understanding of
the relation between perception and product properties.

Human saliva is a complex biological fluid involved in maintaining oral health, protection
of the teeth and mucosal surfaces [1] and facilitating food manipulation and bolus
formation [2]. Moreover, saliva plays a role in perception [3-10] and in flavour release [8,
11-17].

Several researchers focused on the identification of measurable physical-chemical
properties to predict perceived texture and mouth-feel. For example, it is generally accepted
that viscosity enhancement plays an important role in sensory perception of fluid and semi-
solid foods [18, 19]. The sensory attribute “creaminess” has been shown to be sensed only
if a certain viscosity threshold is met [20]. Furthermore, Kokini and van Aken suggested
that other emulsion parameters, such as volume fraction of oil, droplet-size distribution,
droplet deformability, rheology of the dispersed and the continuous phase play a role in
perception [19].

Previously, we have shown that saliva induces emulsion flocculation, thereby increasing
the viscosity of the mixture (Chapter 2) [21, 22]. Chapter 2 showed that the occurrence of
flocculation, as well as flocculation behavior upon dilution and shear, was largely
dependent on the emulsifier used, with a clear role of emulsifier charge [21]. Strong
negatively charged emulsions stabilized by sodium sulfate (SDS) did not flocculate with
saliva, while weakly negatively charged emulsions stabilized by whey protein isolate (WPI)
or B-lactoglobulin (B-lg) flocculated reversibly. In case of positively charged emulsions
stabilized by lysozyme, irreversible flocculation, caused by complex formation between the
emulsifier at the oil-water interfaces and salivary proteins, was observed (Chapter 3) [23].
First insight into the effect of irreversible saliva-induced flocculation on sensory perception
was gained when WPI stabilized emulsions were compared at neutral and acidic pH [24].

Emulsions stabilized by B-lg result in irreversible flocculation at acid pH and reversible

177



Chapter 7

flocculation at neutral pH (Chapter 2) [21]. Attributes related to dryness, roughness and
astringency were rated higher for the irreversible flocculating emulsions (at low pH) than
for the reversible flocculating products (at neutral pH). However, the large difference in the
pH of the emulsions made it difficult to pinpoint the observed phenomena to (i) difference
in flocculation, (i) the effect of the low pH on saliva properties and/or (iii) to on perception
itself. For this reason, we studied saliva-induced flocculation and its relation with
perception of emulsions at neutral pH.

In view of the above considerations, it is hypothesized that differences in saliva-induced
emulsion behavior (flocculated vs. non flocculated emulsions or (ir)-reversibly flocculated
emulsions) could affect emulsion perception. Flocculation of emulsions and entrapment of
droplets in the mucous layer at the tongue surface is expected to influence after-feel
attributes as coating, dryness or astringency. Unfortunately, food-grade emulsions, which
did not flocculate upon mixing with saliva, could not be prepared. Therefore we focused on
the comparison between WPI- and lysozyme stabilized emulsions. In addition to the
emulsifier type, we investigated the effect of oil-volume fraction, the concentration of the
emulsifier in the continuous phase and the use of guar gum as thickening agent. To relate
perception to processes occurring in the oral cavity, the emulsions were characterized
before and after oral processing with respect to morphology and rheological properties
(viscosity, storage and loss moduli). Insight into the emulsion droplets retention at the
tongue surface was obtained by evaluating the recovery of emulsifiers, oil and mucins in

tongue swabs.

Materials and Methods

Materials

Sunflower oil was refined winterized sunflower oil (RWSFO) donated by Cargill BV (The
Netherlands). Lysozyme HCI (batch 1378) was kindly donated by Belovo S.A. (Bastogne,
Belgium). Whey protein isolate (WPI, Bipro) was obtained from Davisco Foods
International (US). Guar gum powder (Hansacoll) and vanilla flavour (vanilla flavouring
powder T03912) were a gift from Brenntag Specialties (The Netherlands) and Danisco
Holland BV (The Netherlands), respectively. Sugar (CSM, The Netherlands) and NaCl
(NEZO, Akzo Nobel, The Netherlands) were purchased from a local retailer.
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Emulsion preparation

An overview of the emulsions is given in Table 1. Possible off-flavours from the oil phase
were masked by the addition of sucrose and vanilla flavour. All products had a pH of 6.7.
The emulsions were prepared under clean and hygienic conditions 1 day before panel

evaluation and stored at 4-7 °C.

WPI stabilized emulsions

1 % w/w WPI, not corrected for purity of the protein, was dissolved at room temperature in
the continuous phase containing 10 mM NaCl, 2 % w/w sucrose and 0.033 % w/w vanilla
flavour. Stock emulsions contained 40 % w/w sunflower oil. The pre-emulsion was
prepared using a rotor-stator type mixer at 4,500 min"' (Ultra Turrax, IKA, T25-basic,
Germany). This pre-emulsion is homogenized through a Panda homogenizer (Panda 2K,
Niro Soavi S.p.A., Parma Italy) at 20 bar for the first step and 200 bar for the second step of
homogenization to obtain emulsions with a droplet size of about 1 pm.

The stock emulsion is diluted with continuous phase to 10% w/w oil (emulsion 3) and 2.5%
w/w oil (emulsion 7) as listed in Table 1. Emulsion 7 has both a reduced oil and protein
content compared to emulsion 3. Based on the assumption that 2 mg m™ protein was
adsorbed on the oil droplets surface (I pm droplets) [25, 26], it was calculated that the
protein concentration in the continuous phase of emulsion 3 was 0.14% w/w. In order to
obtain an emulsion with the protein content in the continuous phase similar to emulsion 3,
emulsion 5 is prepared by diluting emulsion 3 with the continuous phase containing 0.14 %
w/w WPL

Guar gum (1% w/w) was dissolved in the continuous phase by heating the dispersion to
70°C and subsequently cooling down. To prepare emulsion 1, the stock emulsion was
diluted with the guar gum solution to a concentration of 10% w/w oil and 0.4% w/w guar

(in the continuous phase).

Lysozyme stabilized emulsions

Emulsion preparation was similar as described above for WPI emulsions, except that the
stock emulsion contained 20% w/w oil. Also in this case, the stock emulsion was diluted
with continuous phase to 10% w/w oil (emulsion 4) and 2.5% w/w oil (emulsion 8) as
reported in Table 1. Emulsion 8 has both a reduced oil and protein content compared to
emulsion 4. Similarly to WPI emulsions, assuming 2 mg m™ protein adsorbed on the oil

droplets surface, it was calculated that the protein concentration in the continuous phase of
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emulsion 4 was 0.42 % w/w. Therefore, in emulsion 6, we kept the protein content in the
continuous phase similar to emulsion 4 by diluting emulsion 4 with continuous phase
containing 0.42 % w/w lysozyme. The guar gum thickened lysozyme stabilized emulsion
(emulsion 2) was prepared according to the same procedure as described for the WPI

emulsions.

Emulsion characterization

Samples, diluted to 10% w/w oil content, were analyzed by light microscopy (Olympus BX
60 Microscope equipped with an Olympus DP 70 camera; Olympus Nederland BV, The
Netherlands) at 10 and 50 times magnification.

The droplet-size distribution, the volume-over surface diameter (d3,) and volume weighted
mean diameter (ds3) were determined after dilution in demineralised water (dilution factor
about 3000) by laser diffraction with the Mastersizer Hydro 2000S (Malvern Instruments,
Southborough, UK). A refractive index of 1.469 (sunflower oil) was used to calculate the
particle-size distribution.

As previously described (Chapters 2 and 4) [21, 27], rheological measurements of emulsion
viscosity (77), storage (G’) and loss moduli (G”) were carried out using a Paar Physica
MCR 300 rheometer (Anton Paar BVBA, Sint Martens Latem, Belgium) with cone-and-
plate geometry CP75-1 and a Vilastic-3 capillary viscoelasticity analyzer (Vilastic
Scientific Inc., Austin, Texas, USA).

Oral processing of 4 mL emulsion was performed by moving the tongue up and down
(approximately 15 times) for 15 seconds. The samples were carefully spat out in pre-
weighed, cups and directly analyzed by microscopy and rheology as described above.
Microbial analysis of the emulsions on the day of panel evaluation was conducted at
Silliker BV (Ede, The Netherlands) and showed negligible counts of aerobic mesophilic

bacteria (i.e. Bacillus cereus, Staphylococcus aureus and Listeria monocytogenes).

Oil and emulsifier retention to the tongue surface

The term oral retention denotes the presence of the compound of interest on oral surfaces
upon in-mouth processing [28]. Similarly, we use the term retention in relation to sunflower
oil and the emulsifiers to indicate the presence of emulsions droplets on the tongue after

processing and rinsing with water. Briefly, after spitting out of the emulsion, the mouth is
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rinsed twice with 20 mL water. Then, a sample of the whole tongue surface is taken with a
pre-moistened cotton swab (100 ul water). As a control, a sample of the clean tongue is also
analyzed. The swabs were immediately frozen in liquid nitrogen and stored at — 40°C.

Oil was extracted from the swab, saponified and methylated according to Metcalfe et al
[29]. The fatty acid methylesters were separated by gas chromatography (GC; 6890 N GC-
system from Agilent Technologies, Inc, Santa Clara, CA, USA), using a 25 m WCOT fused
silica column (inside diameter 0.25 mm) coated with 0.2 um CP Wax 58 (Chrompack,
Middelburg, The Netherlands). The concentrations of fatty acids were calculated in relation
to the internal standard (C17). Attenuated Total Reflection Fourier Transform Infrared
spectroscopy (ATR-FTIR; Bio-Rad FTS 6000, USA) was used to analyse the swabs with
respect to oil content. Silicon oil (Merck, Germany, cat 7742) was employed as internal
standard to reduce the inaccuracy introduced by transfer of the sample from the swab onto a
germanium crystal (1x8cm). Sunflower oil displays a sharp vibration band at 1750 cm™ due
to the ester bond (>C=O0) in lipids, whereas in silicon oil a sharp vibration band at 800 cm™
due to the carbon silicon bond in the Si(CHs), group is seen. To normalize the sample, the
height of the peak at 1750 cm’ is divided by the height of the peak at 800 cm’! (H1750/Hgoo).
Spectra were accumulated in the spectral region of 4000-700 cm™ with a spectral resolution
of 2 cm™, using a speed of 5 kHz, a filter of 1.2 kHz and UDR of 2.

The protein composition was also qualitatively assayed by SELDI-TOF-MS [30]. Swabs
were brushed over the spots on a normal phase chip (NP20, Bio-Rad, USA). The spots were
washed with 4 pl Milli Q water and air dried. Then, 0.8 pL matrix solution (12.5 mg
sinapinic acid in 50% acetonitril/0.1% trifluoracetic acid) was added twice to the spots and
air dried prior to reading on a Protein Chip Reader IIC instrument (Bio-Rad, USA).

SDS gel electrophoresis (SDS-PAGE) was carried out according to Laemmli [31]. Briefly,
the samples were reduced with -mercaptoethanol and run on a 4-20% gradient gel (Pierce,
USA, cat no 25244) with 0.1M Tris, 0.1M HEPES, 3 mM SDS pH 8 (Pierce, USA, cat no
28398) as the running buffer. The gels were stained for proteins with the PageBlue Fast
protein staining (Fermentas, Canada; abbreviated as CBB staining). The proteins in each
band were quantified using Quantity One software (Bio-Rad, USA) and the amount is
indicated by the measured volume, i.e. optical density (OD)*mm”.

Western blotting was performed, as previously described (Chapter 5) [32], to determine
mucins using antibodies against MUCS5B [33] and MUC7 [34]. After SDS-PAGE, each

sample was transferred to a polyvinylidene difluoride membrane and washed briefly with
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Tris Buffered Saline (TBS; 20 mM Tris, 150 mM NaCl pH 7.6). Membranes were
incubated at room temperature for 1 hour with a blocking solution (3% bovine serum
albumin and 1% casein in TBS) before being washed with TTBS buffer (20 mM Tris, 150
mM NaCl pH 7.6, 0.1% Tween 20). Incubation with a primary antibody anti MUC5B and
anti MUC7 (dilution 1:1000 in TBS) was performed overnight at 4 °C under gentle
agitation. After washing steps with TTBS, the membranes were incubated with secondary
antibodies (dilution of 1: 2000 in TBS) against anti-MUCS5B (polyclonal alkaline
phosphatase (AP)-Rabbit anti-Mouse IgG; Zymed, USA) and anti-MUC7 (AP-Goat Anti-
Rabbit IgG; Dako, Denmark) for 2 hours at room temperature. Membranes were washed
and color development was obtained by addition of BCIP (5-bromo-4-chloro-3-indolyl-
phosphate) and NBT (nitrobluetetrazolium) according to the manufacturer’s instructions

(Sigma, USA).

Sensory analysis

Subjects

The sensory properties of the emulsions were investigated with the use of a paid panel
trained according to the principles of Quantitative Descriptive Analysis (QDA) [35]. All
subjects had previously been screened to exclude taste disorders and to select on good
olfactory senses. The panel, which was constituted of 9 female panellists with a mean age
of 48.1 years and a standard deviation of 9.4, had no scientific background and was
informed that the study aimed to evaluate the effect of saliva on perception. An informed
consent form was signed at the first training session to confirm the awareness of the

presence and possible risks of lysozyme in some products.

Procedure

The panellists, which have been trained on low viscosity emulsions in at least four training
sessions of 1.5-2 hours [24], received two extra training sessions to familiarize with the
specific emulsions for this study. The panel evaluation began at 13 PM. The participants
have been asked not to consume any coffee or tea for 2 hours and not to eat for at least 1
hour before the panel test. The panel judged the set of model emulsions in a semi-monadic
assessment procedure, in duplicate (two sessions). The presentation order was randomly
designed over panellists (optimally balanced design for order- and carry over effects;

balanced Latin square design). Each session started with a warm-up sample, excluded from
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the data analysis. Then, per session, eight products, which were poured in 60 cc covered-lid
cups at least 60 minutes before evaluation, were tasted in three blocks with short breaks in
between (5-10 minutes). All samples were offered at room temperature.

The participants were seated in sensory booths with slightly red light and over-pressure to
cancel out carrying over effects of odor residuals. During profiling, the attributes, which
were generated in Dutch and subsequently translated in English (Appendix A), appeared
per category on a monitor with the attributes on the left and a 100-point response scale
anchored at the extremes, on the right (Fizz software, Biosystems, v2.21a, 2006). Sensory
attributes were assessed, with the use of a mouse to indicate the perceived strength of each
attribute on the visual analogue scales, in the chronological order as they are perceived.
Upon opening of the cup, each product was smelled (odor attributes, O), and at least three 4
mL portions were taken using a 5 mL-syringe. After evaluation of taste (T) and mouth-feel
(M) attributes, the products were carefully spat out and aftertaste (AT) and after-feel (AF)
were judged. Between each product evaluation, the panellists cleaned their mouth with

cream crackers, tap water, and optionally warm tap water.

Data analysis

Data analyses were carried out using Fizz calculations (Biosystems, v2.20h 2006), SPSS
(version 12.01, SPSS Inc., Chicago, US) and Unscrambler (version 7.5, Camo Inc.,
Corvallis, USA).

The effect of emulsifier, oil content, and guar gum addition on sensory attributes was
analyzed uni-variately using repeated measures ANOVA (SPSS) with the Huynh-Feldt
value as epsilon, carried out on the sensory data averaged across replicates. In addition,
Analysis of Variance was applied to all sensory attributes separately, to test any differences
between the products for statistical significance (Fizz). In case of significant differences, a
post-hoc test Least Significant Difference (LSD) was performed at 95% confidence interval
to reveal the nature of the differences (Fizz).

Correlation analysis (p<0.05; Excel) was done between instrumental measurements and
sensory attributes. Principal Component Analysis (PCA) was carried out using panel
averaged data (Unscrambler) to identify relations between products, attributes and
instrumental measurements to elucidate the configuration of products in the perceptual

space as defined by the first two principal components.
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Results

Emulsion characteristics before and after oral processing

Table 1 provides an overview of the emulsifiers, oil and protein content used to prepare the
emulsions and Table 2 summarizes the emulsion characteristics, i.e. droplet size (d3, and
ds3), viscosity, storage and loss moduli before and after oral processing. The droplet size is
only shown before oral processing as the presence of salivary proteins and bacteria after
oral processing contaminated the equipment resulting in unreliable measurements.
Microscopic images and viscosity values of the prepared emulsions measured at a shear rate
of 90 s on the day of panel evaluation before and after oral processing are illustrated in
Figure 1 and Figure 2 respectively.

The droplet sizes of low viscosity emulsions were reasonably constant, with d3; values
varying between 0.97 and 1.3 um. As expected, WPI stabilized emulsions did not flocculate
(Figure 1C) and had d43; ranging between 2.5 and 3.2 ym.

Table 1 — Overview of the products. All systems contained 2 % w/w sucrose, 0.033 % w/w vanilla

flavour, 10 mM NaCl and pH was adjusted to 6.7.

No Product name Emulsifier Qil Protein Total Parameter(s) *
(% w/w)  continuous Protein
phase (% wiw)
(% wiw)*
1 W-010-P0.14-H  WPI 10 0.14 0.25 1 viscosity
2 L-O10-P0.42-H Lysozyme 10 0.42 0.5 1 viscosity
3 W-010-P0.14-L WPI 10 0.14 0.25
4 L-O10-P0.42-L Lysozyme 10 0.42 0.5
5 W-02.5-P0.14-L.  WPI 2.5 0.14 0.17 | oil content
6 L-02.5-P0.42-L Lysozyme 2.5 0.42 0.44 | oil content
7 W-02.5-P0.033-L.  'WPI 2.5 0.033 0.0625 | oil and protein
content
8 L-02.5-P0.097-L.  Lysozyme 2.5 0.097 0.125 | oil and protein
content

* Based on the assumption that 2 mg m™ protein was adsorbed on the oil droplets surface (I um droplets); *
in comparison with emulsions 3 and 4, 1 and | indicate and an increase or decrease of the reported

parameter(s).
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Lysozyme stabilized emulsions, as shown in Figure 1G, were slightly flocculated and
exhibited higher di; values (4.5-8.3 um). Flocculation appeared to be induced during
analyses and did not result in phase separation. Guar gum thickened emulsions were
flocculated due to depletion induced by the polysaccharide thickener (Figure 1A and 1E).
This flocculation combined with the presence of guar gum particles increased the resulting
dsy and dy3 values to 1.7-9.2 uym and 20.9-39.6 um, respectively.

Viscosity of non-thickened emulsions, before oral processing, was low and comparable for
both cone-and-plate geometry and capillary set-up, i.e. on average respectively 1.46+0.19
mPas at 90 s™' and 1.30+0.21 mPas at 100 s™. Addition of guar gum increased the viscosity
of both emulsions (Table 2) and induced a shear-thinning behavior (not shown). The
observed deviations between the two rheological methods might be due to differences in
the measuring shear rate ranges, or, in case of thickened samples, to the high viscosity of
the emulsions for which the usage of a wider capillary might be more appropriate. The
storage and loss moduli of low viscosity emulsions were largely in line with previous
results (Chapter 4) [27], i.e. an average G’ of 0.51£0.31 mPa and G” of 16.3£2.7 mPa.
Addition of guar gum largely increased both G’ and G” to approximately the same values
with thickened lysozyme stabilized emulsions exhibiting highest storage and loss moduli
(Table 2).

In line with expectations based on previous studies (Chapter 2) [21, 22], oral processing
induced emulsion flocculation, with lysozyme stabilized emulsions resulting in larger flocs
than WPI emulsions (Figure 1F and 1H). Flocculation of lysozyme emulsions thickened by
guar gum was enhanced by saliva, whereas the extra effect of saliva-induced flocculation of
the guar gum thickened WPI emulsions is less clear (Figure 1B and 1F). Microscopic
images from tongue scrapings performed prior rinsing with water, confirmed the presence
of flocculated emulsions on the tongue as well (data not shown).

Figure 2 shows the viscosities measured with cone-and-plate geometry for WPI and
lysozyme stabilized emulsions before and after oral processing. In-mouth mixing with
saliva increased the viscosity of all low viscosity emulsions, with the largest effect on
lysozyme stabilized emulsions, as expected due to irreversible flocculation. Capillary
measurements of orally processed non-thickened emulsions showed an increase of viscosity,
as well as of G’ and G”, for 10% w/w oil emulsions, while at 2.5% w/w oil contents, only
G’ increased (Table 2). The results point to an increase in elastic behavior of the emulsions

due to oral processing, in particular for low oil content emulsions.
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Before oral processing

Figure 1 — Microscopic images of 10% w/w oil containing WPI (A-D) and lysozyme (E-F)
emulsions before (left) and after (right) oral processing on day of panel evaluation at 10 times
magnification. A and B: guar gum thickened WPI emulsions; C and D: low viscosity WPI
emulsions. E and F: guar gum thickened lysozyme emulsions; G and H: low viscosity lysozyme

emulsions. The scale bar represents 200 pm.
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Viscosity, storage and loss moduli of guar gum thickened emulsions, upon in vivo oral
processing, seemed to be independent of the type of emulsifier (as illustrated in Figure 2
and Table 2). A general reduction of viscosity, storage and loss moduli was observed,
presumably due to the dilution effect of the saliva and/or due to in-mouth shearing.

In summary, before oral processing the low viscosity WPI and lysozyme stabilized
emulsions had similar viscosity and were, despite the slight flocculation of lysozyme
emulsions, reasonably comparable in droplet size. Although the thickened lysozyme
emulsions had a slightly higher viscosity than the WPI emulsions, in our opinion the
emulsions were sufficiently comparable for evaluation of the effect of saliva-induced

flocculation on sensory perception.

Emulsions Spat out emulsions
! OWPI| B Lysozyme ] owpim Lysozyme

8 0.1 8 0.1
a e
S S

0.01 0.01

0.001 2 5% 0il  2.5%o0il  10%oil 10% oil +guar : 2.5%o0il  2.5%o0il  10%oil 10% oil + guar

low protein low protein

Figure 2 — Emulsion viscosity (7) before and after oral processing at a shear rate of 90 s'. Error

bars represent the standard deviation.

Oil and emulsifiers retention and mucin recovery at the tongue surface

Gas chromatography (GC) and ATR-FTIR were performed to detect sunflower oil, while
SELDI-TOF-MS and SDS-PAGE were used to obtain information on the presence of the
emulsifiers (WPI and lysozyme) on the tongue surface. An overview of the results is
provided in Table 3. GC analysis shows that larger amounts of oil are retrieved from the
tongue after intake of lysozyme stabilized emulsions compared to WPI stabilized emulsions.
As expected, increasing the oil-volume fraction in the original emulsions enhances the

amount of oil found on the tongue. Addition of guar gum to the 10% w/w emulsions
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Table 3 — Emulsion retention and mucin characterization on the tongue surface after oral processing.

0il Emulsifiers MUCSB MucC7
Product name
GC * FTIR * SELDI-TOF-MS  SDS-PAGE WB WB
+
- - - - +
W-010-P0.14-H 0.34 0.08 + (0.67) +
ot
L-010-P0.42-H 1.62 0.67 + (9.56) + ++
+
- - - - +
W-010-P0.14-L 0.39 0.23 + (0.24) +
R
L-010-P0.42-L 2.66 091 + (6.64) + ++
+
-02.5- - ~ +
W-02.5-P0.14-L 0.17 0.05 + (0.30) +
++
L-02.5-P0.42-L 1.22 045 + (4.57) + ++
W-02.5-P0.033-L 0.05 0.05 Nd - + +
+
L-02.5-P0.097-L 0.70 0.67 Nd (1.93) + ++
Clean tongue 0.02 0 - - + ++

* mg fatty acids/swab; * peak height at 1750 cm™ /peak height at 800 cm™, average of two individuals; ()

indicates the OD*mm’ measured for the band of f-lg (18 kDa) and lysozyme (14 kDa); + indicates clearly

detectable; - is not detectable; Nd: not determined. WB: Western blotting.
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slightly decreased, instead, the amount of oil retained at the tongue surface, especially in
case of lysozyme stabilized emulsions. Results of ATR-FTIR were in line with those of GC.
Figure 3a illustrates, as an example, SELDI-TOF-MS profiles in the range between m/z
10000 and 20000 performed on proteins extracted from the tongue swabs for 10% w/w low
viscosity emulsions. The intensity scale is optimized to offer a good visualization of the
peaks. Several peaks, including those assigned to the emulsifiers i.e. B-lg (m/z 18402) and
o-lactalbumin (m/z 14187) in WPI and lysozyme (m/z 14293), were detected. In addition,
two peaks were detected at about m/z 10845 and at m/z 14682 (probably human lysozyme).
The observed profile from lysozyme emulsions showed higher intensity peaks than the
profile from WPI emulsions.

SDS-PAGE showed that both B-lactoglobulin and lysozyme were recovered from the
tongue surface, as indicated by the presence of both 18 kDa and 14 kDa bands in lane 2 and
3, respectively (Figure 3b). Analysis of the OD of these bands revealed that lysozyme was
recovered in larger quantity compared to -lactoglobulin (Table 3). These results were in
line with the findings obtained by SELDI-TOF-MS. The large amount of lysozyme
compared to WPI is not caused by the higher protein concentration of the original lysozyme
emulsion (emulsion 4), since the same results were obtained when comparing lysozyme and
WPI emulsions both containing 10% w/w oil and 0.5% w/w emulsifier (not shown).

Mucin recovery from the tongue surface after oral processing of emulsions was determined
using antibodies against MUCS5B and MUCY7. In case of lysozyme stabilized emulsions,
both MUC5B and MUC7 were detected (Figure 3b). The results of the Western blotting
indicated, although only qualitatively, that the amount of salivary mucin MUCS5B recovered
from the tongue surface was not affected by oral processing (Table 3). MUC7B was
unaffected by oral processing in lysozyme stabilized emulsions as well, while unexpectedly,

1t was reduced in WPI emulsions.
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Figure 3 — (a) SELDI-TOF-MS, (b) SDS gel electrophoresis (lanes 1-3) and Western blotting (lanes
4 and 5) for 10% w/w oil containing low viscosity emulsions. Marker (lane M), tongue swab of
clean tongue (lane 1), tongue swab of WPI emulsion (lane 2), tongue swab of lysozyme emulsion
(lane 3). Western blotting of tongue swab of lysozyme emulsion (lanes 4 and 5) performed with

anti-MUC?7 (lane 4) and anti-MUCS5B (lane5).
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Sensory perception

Analysis of variance shows that 34 of the 38 sensory attributes discriminate between the

products (at 5% level; Table 4).

Table 4 — Average sensory ratings and significant differences as determined by ANOVA analysis.

n
= = 7 & 7
d = v - w n S &
Attribute ;‘ 0 S o g 2 g ; =
& ~ & ~ = & g & =
= E = < o < o 3 E
Q S < ) Q o < o S
= - = - = - = - &
Ointensity 45.51 35.62 38.83 37.45 43.21 39.76 38.82 40.47 0.5266
! | | 1 ! ! | 1
Ovanilla 23.81 20.19 28.59 31.3 33.51 26.42 31.27 36.75 0.0776
! ! ! ! ! ! ! !
Ochalk 44.03 43.16 43.03 32.17 35.96 34.79 28.76 37.92 0.2359
! | | 1 ! ! | 1
Tintensity 42.9 73.08 56.52 81.85 39.6 79.63 44.4 66.11 <0.0001
D AB C A D A D B ok
Tvanilla 24.1 39.18 46.6 34.02 40.15 30.65 36.16 36.9 0.0159
C AB A BC AB BC AB AB *
Tsweet 26.24 71.94 48.27 70.3 40.87 67.29 40.11 63.91 <0.0001
C A B A B A B A Hokx
Tsour 13.8 36.84 23.15 40.28 20.01 42.09 17.32 36.42 <0.0001
C A B A BC A BC A ok
Tsalty 27.66 78.66 38.62 78.71 16.57 72.33 23.43 66.78 <0.0001
D A C A E AB DE B wkx
Tbitter 18.61 38.6 23.67 50.44 20.26 48.98 21.14 47.54 <0.0001
C B C A C A C A Hokk
Toil 59.16 46.53 42.19 44.22 38.75 32.75 30.51 34 <0.0001
A B BC B BCD CD D CD ok
Tcreamy 44.37 40.94 533 19.52 33.28 13.31 24.58 19.22 <0.0001
AB BC A EF CD F DE EF HokE
Twallpaperglue 52.08 38.51 24.67 21.2 324 21.59 25.31 24.95 <0.0001
A B C C BC C C C ok
Mthick 82.99 87.3 48.48 26.78 32.24 19.66 33.44 22.51 <0.0001
A A B CD C E C DE Hak
Mcreamy 78.73 79.45 61.33 25.37 37.86 13.26 37.03 16.16 <0.0001
A A B D C E C E Hokk
Mfatty 76.84 72.03 50.41 28.2 41 31.62 37.15 25.04 <0.0001
A A B E C DE CD E ok
Mslippery 75.03 73.69 45.46 23.27 31.68 16.87 28.86 15.65 <0.0001
A A B CD C D C D ok
Msticky 55.19 53.11 36.56 17.84 18 18.66 20.68 18.18 <0.0001
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A A B c c c c c ok
Mdry 12.9 32.08 23.89 74.32 25.15 76.35 26.25 68.31 <0.0001
E c D AB D A cD B ok
Mrough 9.25 22.05 20.33 67.75 21.52 72.03 27.4 69.61 <0.0001
D BC c A BC A B A ok
Mmouthfilling 86.4 87.87 55.8 35.14 36.96 34.21 36.3 30.81 <0.0001
A A B c c c c c ok
Mmelting 29.71 26.84 23.54 10.96 16.18 9.81 18.42 11.32 <0.0001
A Y AB DE cD E BC DE ok
ATintensity 333 75.85 4324 79.32 34.02 80.45 34.42 66.49 <0.0001
D A c A D A D B ok
ATsweet 38.4 62.9 45.85 61.53 31.81 65.22 29.51 52.29 <0.0001
cD A BC A DE A E B ok
ATbitter 13.57 46.33 25.41 50.63 22.61 49.92 2451 41.28 <0.0001
c A B A BC A B A ok
ATsalty 18.24 74.11 27.38 70.07 18.38 67.07 19.36 57.79 <0.0001
D A c A D A cD B ok
AToxidised 18.46 47.99 29.04 43.89 26.47 47.12 31.12 49.96 <0.0001
c A B A BC A B A ok
ATduration 35.51 80.63 40.23 79.92 32.04 79.48 44 70.53 <0.0001
cD A cD AB D AB c B ok
AFastringent 15.09 29.22 26.81 67.96 24 60.6 37.36 53.51 <0.0001
E cD D A DE AB c B ok
AFdry 13.24 34.6 31.74 72.71 29.66 69.13 358 65.94 <0.0001
c B B A B A B A ok
AFrough 13.77 35.45 28.25 68.93 25.95 67.76 35.01 67.85 <0.0001
D B BC A c A B A ok
AFraw tongue 10.87 28.88 26.07 54.55 24.02 55.35 27.58 52.96 <0.0001
c B B A B A B A ok
AFgrainy 20.45 21.69 17.34 18.12 15.38 26.09 14.59 18.73 0.2734
! ! ! ! ! ! ! !
AFcreamy 59.57 45.15 46.38 14.28 23.25 13.69 19.42 13.61 <0.0001
A B B c c c c c ok
AFslimy 53.46 50.5 34.93 29.03 24.97 25.01 25.07 229 <0.0001
A A B BC c C c C Ak
AFcoating 54.24 58.9 40.97 40.02 24.86 35.69 31.84 36.81 <0.0001
A A B BC D BC CD BC ok
AFsticky 42.63 44.47 30.28 18.98 25.09 25.25 25.99 19.2 <0.0001
A Y B c BC BC BC c ok
AFsatiation 69.28 71.42 47.79 34.91 26.57 36.1 27.6 34.47 <0.0001
A A B CD D c cD cD ook
AFprickling 19 38.72 26.24 30.01 19.44 33 32.9 36.32 0.0065
c 4 BC ABC c AB AB AB ok

# Significant differences are indicated with asterisks: * p<0.05, ** p<0.01, *** p<0.001. Different letters

indicate a significant difference at p< 0. 05 calculated with the post hoc LSD analysis, !: not computed as no

significant differences were revealed from the ANOVA analysis.
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An overview of the sensory space of the attributes and products based on the PCA analysis

is given in Figure 4, where the upper plot

the lower plot the texture attributes.

Odor, taste and after taste

depicts odor, taste and after taste attributes and

oL 10-P0.42-H
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sTsweet
L10-P0.42-L Thitter "~ 435G Tod
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®Ovanilla L’ /,’
! GW2.5-P0.03-L e
" 'W2.5-P0.14-L//’
PC2; 28% NN -7
Mouth-feel and after-feel
oL10-P0.42-H
o e Mthick
AFsatiation  \m0uthfilling
. ® Mslippery
AFcoating Msticky Mcreamy
° ° ® Mfatty
OAFs.Ilmy eAFcreamy
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Figure 4 — PCA plot of all products (for the underlined codes see Table 1) and attributes. For clarity,

the plot is divided in odor (O), taste (T) and after taste (AT) attributes (top) and mouth-feel (MF)

and after-feel (AF) attributes (bottom). Solid and dashed circles are used for emulsions stabilized by

lysozyme and WPI, respectively.
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The biplot, explaining 96% of the variance, reveals three groups of emulsions. WPI
stabilized emulsions (both low viscosity and guar gum thickened) are located on the right
hand side of the plot, low viscosity lysozyme stabilized emulsions on the left hand side and
the thickened lysozyme emulsion on the upper right part. Clearly, there is a large effect of
the type of emulsifier on perception of low viscosity emulsions, indicated by the PC1 axis.
The low viscosity WPI stabilized emulsions are situated close to attributes related to
creamy, fatty, and slippery mouth-feel whereas lysozyme stabilized emulsions are situated
close to attributes related to astringency, dryness, roughness and a series of taste attributes.
The set-up of this study made it possible to evaluate the effect of the emulsifier with
ANOVA analysis in three different scenarios: at 10% w/w oil content (low viscosity and
thickened emulsions), at 2.5% w/w oil content (varying protein content) and at equal
protein content, but differing oil content. The results (Table 5) were very similar for all the
three comparisons indicating a major effect of the emulsifiers on attributes such as
Mcreamy, M/AFdry and M/AFrough, to name a few. WPI stabilized emulsions had
significantly higher ratings on attributes like Mthick (only significant in case of low
viscosity emulsions), M/AFcreamy, Mfatty and Mslippery, while lysozyme stabilized
emulsions are characterized by significantly higher ratings on attribute M/AFdry,

M/AFrough, AFastringent, AFraw tongue (Table 4).
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Table 5 — Effect of varying emulsion parameters on sensory attributes.

Attribute Emulsifier Guar gum | QOil content | Protein content
Emulsion 3,5vs. 4,6 5,7 vs. 6,8 1,3vs. 2,4 1,2vs. 3,4 3,4vs.5,6 5,6 vs. 7,8
Ointensity

Ovanilla *

Ochalk

Tintensity sokok ek sk ok "

Tvanilla *

Tsweet Hk *% *xk *

Tsour * * *

Tsalty Hokok gk e ok

Thitter * * * o

Toil *

Tcreamy ok * ok *

Twallpaperglue *

Mthick *k *% Kook o

Mcreamy Hokok stk ok ok ek S

Mfatty ok skokok Kok sk ¥
Mslippery *k T * *okok "

Msticky sk %

Mdry Hokk sk Rk Rk

Mrough ok ok . -

Mmouthfilling ok k ok

Mmelting

ATintensity sekok ok otk * * "
ATsweet o sk * %
ATbitter * Hk sk

ATsalty Hokok kot ook

AToxidised * * *

ATduration ok ke sk

AFastringent okok * ok ok *

AFdry seksk skskk skskk sksksk sk

AFrough stk otk ok -

AFraw tongue ok ok *k% s

AFgrainy Hkk *

AFcreamy *okk * ok * *

AFslimy - "

AFcoating * sk

AFsticky %

AFsatiation Rk

AFprickling

Significant differences are indicated with asterisks: * p<0.05, ** p<0.01, *** p<0.001, based on ANOVA

analysis using repeated measures.
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Thickening of the emulsions with guar gum leads for both emulsions to a shift in the PCA
plot in the direction of creaminess, thickness and related attributes, and minimises the
differences between the two emulsifiers. The effect of guar gum addition on perception was
the largest for the lysozyme emulsions, as illustrated, as an example, in Figure 5 for
perceived dry mouth-feel.

In line with previous results [24], perceived creaminess and fattiness increased conjointly
with increased viscosity. This becomes clear from increased ratings for Mthick,
M/AFcreamy, Mfatty, Mslippery, Msticky, Mmouth filling, AFslimy, AFcoating, AFsticky
and AFsatiation. On the other hand astringency, roughness and dryness (Figure 5) largely

decreased by guar gum thickening.

1 O WPI
501 B | ysozyme A AB
B

m 4
2 60
©
3
@ 401 C
3 CD D D

201 E

0 T T T "
2.5% oil 2.5% oll 10% oll 10% oil + guar
low protein

Figure 5 — Effect of guar gum thickening on perception of dry mouth-feel (average). Different

letters indicate a significant difference at p< 0.05.

Another investigated variable was the oil content, which was studied for low viscosity
emulsions. As shown in Tables 4 and 5, the effect of oil content is largely in line with

expectations. Increasing the oil content from 2.5% w/w to 10% w/w increased the
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perception of T/ATintensity and fat-related attributes like Mthick, M/AFcreamy, Mslippery,
AFcoating, and AFsatiation, but also dryness and astringency slightly increased with
increasing oil content. Reducing the oil content with an aqueous phase without protein
reduced also the protein content in the continuous phase of the emulsions (emulsions 7 and
8). The extent of this effect was minor as as illustrated in Figure 4 and Table 5 by

comparing low oil content emulsions diluted with a protein solution (emulsions 5 and 6).

Relation between emulsion characteristics, tongue retention and sensory

perception

The relation between emulsion rheological characteristics (77, G’ and G”) before and after
oral processing, oil and protein retention at the tongue surface and sensory perception was
investigated. Emulsion viscosity is one of the parameters that has often been correlated, for
example, with perceived thickness and creaminess. The correlation between emulsion
viscosity and texture attributes was separately calculated for each emulsifier. As reported in
Table 6, high positive correlations were found for WPI emulsion viscosity with Mthick,
Mfatty, Mslippery, M/AFsticky, Mmouthfilling, AFgrainy and AFslimy while negative
correlations were obtained with M/AFdry, M/AFrough and AFraw tongue. Interestingly,
correlations with WPI emulsions were improved by using viscosity data after oral
processing as shown by the 3 now significant correlations with Mcreamy, Mmelting and
AFcoating. For lysozyme emulsions all texture attributes, except AFgrainy and AFprickling
showed high correlations, either positive or negative, with emulsion viscosity. Opposite to
the observations with WPI emulsions, correlations of sensory attributes with lysozyme
viscosity decreased when values after oral processing were used. For example, Mthick,
Mcreamy and Mmelting, did not show significant correlations with the viscosity of the spat
out emulsions. The results indicate that oral processing has a great impact on the correlation
between emulsion viscosity and sensory attributes and appeared to be emulsifier dependent

(WPI vs. lysozyme).
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Table 6 — Correlation between viscosity of emulsions, before and after oral processing, and texture

attributes.
WPI emulsions Lysozyme emulsions
Attribute Before oral After oral Before oral After oral
processing processing processing processing
Mthick 0.951 0.983 0.996 0.850
Mcreamy 0.831 0.895 0.987 0.807
Mfatty 0.952 0.982 0.992 0.899
Mslippery 0.941 0.976 0.993 0.837
Msticky 0.880 0.933 1.000 0.902
Mdry -0.988 -0.998 -0.986 -0.888
Mrough -0.914 -0.940 -0.998 -0.862
Mmouthfilling 0.925 0.966 0.998 0.877
Mmelting 0.861 0.916 0.997 0.875
AFastringent -0.781 -0.800 -0.935 -0.957
AF dry -0.967 -0.965 -0.987 -0.938
AFrough -0.902 -0.910 -0.999 -0.908
AFrawtongue -0.982 -0.971 -0.997 -0.891
AFgrainy 0.898 0.945 0.096 0.403
AF creamy 0.785 0.857 1.000 0.886
AFslimy 0.939 0.975 0.980 0.799
AFcoating 0.856 0.908 0.986 0.806
AFsticky 0.961 0.988 0.970 0.941
AFsatiation 0.877 0.931 0.999 0.901
AFprickling -0.549 -0.544 0.735 0.880

Significant correlations (p<0.05) are indicated in bold.

Correlation analysis between oil and protein retention on the tongue surface and texture
attributes, calculated for all emulsions as well as for WPI and lysozyme emulsions
separately (not shown), revealed that these oil and protein retention hardly correlate with

texture perception. Excluding guar gum thickened emulsions improved the correlations, i.e.
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protein retention showed a significant correlation (for combined results of WPI and
lysozyme) with Mdry, Mmelting (negative), AFastringent, AFdry, AFrough and AFraw
tongue (not shown). In conjunction, oil retention significantly correlated with the texture
attributes M/AFdry and AFastringent. This result indicates that for the evaluated low
viscosity emulsions there is a strong relation between protein retention and sensations of
roughness and dryness.

As thickened emulsions largely dominate the outcome of viscosity measurements as well as
sensory perception, we limited further analysis aiming to relate emulsion characteristics,
retention and sensory perception to the low viscosity emulsions. In addition, since
correlation analysis revealed that a large number of physical data was correlated (not
shown), the investigation was limited to rheological properties of emulsions and spat out
samples measured at 90 s, oil- and protein retention and the perception of texture
attributes. In line with Figure 4, Figure 6 shows that WPI stabilized emulsions were situated
in proximity of the fat/creamy cluster on the right hand side and lysozyme stabilized

emulsions in proximity of the rough/dry cluster on the left-hand side of the plot.

W10-P0.14-L°

e [ 10-P0.42-L Nyiasicemulsion
G" emulsion G"/spit NyiasticSPIt
e PROTEIN » A

Npaar emulsion.\é's N
® AFsatiatiof ¢IMmouthfilling

°
G'emulsion AFcoating eMsticky ~AFcreamy
o o /).V ® Mthick
OIL (GC) Mslippery  Mcreamy
Mmelting”® Mfatty
F.sticky

Fat/creamy cluster pcr: 5%

Rough/dry cluster

° °
W2.5-P0.03-L W2.5-P0.14-L

 L2.5-P0.10-L I

Figure 6 — Biplot of PCA analysis of rheological parameters at 90 s™', oral retention of oil and
protein based on GC and SDS electrophoresis (italics), and texture attributes for low viscosity
lysozyme and WPI stabilized emulsions (underlined). The codes for the emulsions are clarified in

Table 1. The circled areas indicate the rough/dry and the fat/creamy clusters.
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The PCI axis can be viewed as the emulsifier axis. Protein and oil retention are located on
the left, near the rough/dry cluster, indicating that they are related to perceived dryness and
roughness. The PC2 axis can be viewed as oil content and viscosity axis, with 10% w/w
emulsion on top and 2.5% w/w at the bottom of the biplot. Emulsion viscosity was in close
proximity of the attributes AFcoating, AFsatiation and AFslimy. Considering the orally
processed emulsions, the shear rate dependent viscosity measured with the cone-and-plate
geometry (77paarSpit) is situated in the rough/dry cluster and near the lysozyme stabilized
emulsions. This observation suggests that the viscosity of flocculated spat out emulsions
relate to the perception of roughness and dryness more than to creaminess. The other
rheological characteristics (7vinsticSpit, G’ and G”) of spat out emulsions, instead, were in
the biplot not clearly located in close proximity of one of the emulsifier types. Furthermore
it is worth to mention that while G’ of emulsions was near the rough/dry cluster, the G’ of
the spat out was close to the fat/creamy cluster and near to the attribute AFslimy.
Oppositely to the viscosity finding, G’ of flocculated spat out emulsions seems to relate to

the perception of creaminess and fattiness rather than to roughness and dryness.

Discussion

The aim of this study was to understand how saliva-induced flocculation behavior of
emulsions influences perception and to correlate physical properties of orally processed
emulsions with sensory attributes. Previously, we have reported that the usage of WPI or
lysozyme as emulsifiers influenced saliva-induced flocculation behavior and physical-
chemical characteristics of the emulsion/saliva mixtures, such as viscosity, storage and loss
moduli (Chapters 2 and 4) [21, 27].

WPI emulsions, reversibly flocculating with saliva, were perceived as creamy and fatty,
opposite to lysozyme emulsions, irreversibly flocculating with saliva, that were perceived
as rough, dry and astringent. The large effect of the emulsifier on saliva-induced
flocculation behavior and sensory perception underlines the importance of understanding
structure changes of emulsions during oral processing in relation to perception.

Emulsion viscosity is a recognized dominant factor in perceived fattiness and creaminess [0,
18, 36-42]. The sensory effect obtained for WPI emulsions in our study is largely in line
with previous results [24, 39]. The viscosity of WPI emulsions positively correlated with

fat-related attributes like Mthick, Mfatty, Mmouthfilling, AFslimy, and negatively with
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perceived roughness and dryness (Table 6). Correlations were improved when viscosity
measurements were used of orally processed and subsequently spat out emulsions,
resembling the in-mouth emulsion viscosity. This is for example illustrated by the now
significant correlation with the complex attribute creaminess (0.895; Table 6). Based on
these results, it is advisable to also take into account rheological properties after oral
processing when seeking relations between emulsion properties and sensory perception.

Lysozyme is known as one of the sweet tasting proteins [43], which was also clear from
this study with high scores on sweet taste and after taste. Unexpectedly, both lysozyme
stabilised emulsions and viscosities of orally processed emulsions (77paarSpit) are in the PCA
biplot in or in close proximity of the rough/dry cluster. The results resemble the perception
of other astringent ingredients like tannins. Tannins interact with salivary proteins, leading
to precipitation and withdrawal of lubricating praline-rich proteins and histatins from saliva.
The loss of lubrication and elasticity of saliva results in perceived astringency [44-48].
Lysozyme is also known to interact with salivary proteins (Chapter 3) [23, 49] leading to
complex formation and irreversible flocculation of emulsions (Chapters 2 and 3) [23].
Similarly to tannins, flocculation of lysozyme stabilized emulsions induced by complexes
with proteins in saliva as well as in the mucous layer, might reduce lubrication and perhaps
even remove patches of the mucous layer from the tongue surfaces. This could result in a
drop in the lubrication properties of saliva and oral surfaces leading to the perception of
attributes as astringent, dry and rough mouth- and after-feel. Identification of salivary
proteins and peptides involved in emulsion flocculation in emulsion/saliva mixtures
(Chapters 5 and 6) [32, 50] demonstrated that a number of peptides and proteins, including
MUCS5B and MUCT7, are associated with emulsion droplets stabilized by lysozyme and -
lactoglobulin. In the current work, we focused on the recovery of MUCS5B and MUC7 from
the tongue surface after emulsion intake and processing. When compared to the clean
tongue, i.e. before oral processing, no differences were observed in recovered MUCS5B and
MUCT7 upon consumption of lysozyme stabilized emulsions. These findings suggest that
removal of mucins from the tongue mucous layer is not the main mechanism explaining the
astringency induced by these emulsions. Surprisingly, in case of oral processing of WPI
emulsions, the amount of MUCT7 recovered from the tongue surface decreased compared to
a clean tongue, which might indicate that this mucin is removed from the tongue surface
after emulsion intake and subsequent rinsing. Possibly the association of MUC7 with WPI

emulsion droplets (Chapter 6) [32] leads to clearance of this mucin from the oral cavity.
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Another explanation could be that after the formation of the emulsion coating, the
underlying tongue mucus layer is less accessible for sampling of the mucins. However, this
latter explanation is not supported by MUCS5B recovery, which was unaffected. Ongoing
research using repeated sampling and/or sampling at different time points after oral
processing might clarify this issue.

Another sensory attribute which was hypothesized to be correlated with viscosity is
thickness. The correlation between emulsion viscosity and mouth-feel thick improved when
considering the viscosity of orally processed flocculated WPI emulsions compared to
emulsions before oral processing. However, perceived thickness of lysozyme stabilized
emulsions, with a higher viscosity after oral processing, was lower than the corresponding
WPI emulsions. This suggests that perception of thickness occurs directly after taking the
emulsion in the mouth, with a minor contribution of saliva. This is underlined by the
observation that the lysozyme emulsion viscosity correlates much better with perceived
thickness when measured in the absence of saliva (Table 6). Another possible explanation
for the lower perceived thickness of lysozyme stabilized emulsions is that this attribute is
negatively affected by the strong dryness and roughness of these emulsions.
Polysaccharides are often applied to emulsions, mostly because of their thickening effect
[51] and/or their role in fat replacement [52]. Previously, it was hypothesized that fatty
mouth-feel is related to the formation of a thin lubricating layer of liquid fat on the surfaces
of the tongue and palate [53]. Guar gum might form a similar thin lubricating layer which
might be sensed as more slimy and sticky than fatty [24]. In case of lysozyme emulsions,
guar gum addition reduced the rough, dry and astringent sensations, as well as oil retention
to the tongue surface. Although saliva-induced flocculation still occurs in thickened
emulsions (Figure 1), it is possible that the complex formation between the emulsion
droplets and salivary proteins is influenced by the guar gum. The presence of
polysaccharides have been reported to prevent complex formation between salivary
proteins and tannins, with consequent reduction of the astringent after-feel [46, 54].
However, we believe that the main reason for the reduced perceived dryness and roughness
is the viscous guar gum layer substituting the lubricating properties of saliva. This is in line
with the use of hydrocolloids, e.g. carboxymethyl cellulose, in artificial saliva to treat dry
mouth syndrome [55-58]. The results stress the importance of the lubrication activity of
saliva, also for sensory perception of food products and the possibilities for hydrocolloids

to add to salivary lubrication and for ingredients as lysozyme to reduce it.
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To gain understanding in after-feel sensations, we used several biochemical techniques to
analyze the retention of oil and emulsifiers on the tongue surface. As coalescence of WPI
stabilized emulsion was not observed upon oral processing [59] and flocculated emulsions
were observed in tongue scrapings, it is likely that the presence of emulsion droplets at the
tongue surface plays an important role in after-feel sensations of food emulsions. There was
a large difference between the two emulsions, with lysozyme stabilized emulsions showing
more retention than WPI stabilized emulsions. In the PCA biplot this resulted in a location
of recovered protein emulsifier and oil in the biplot in close proximity of dryness and
roughness, indicating a relation between perceived dryness and roughness and oral
retention. Opposite to expectations, no clear relations were found between protein and oil
retention with after-feel coating. This implies that the large differences in the degree of oral

retention, as seen for lysozyme and WPI, do not add to the understanding of this attribute.

Conclusions

Perception of emulsions is affected by saliva-induced flocculation of the emulsion droplets.
WPI emulsions show reversible flocculation with saliva, with little retention on the tongue
surface and perception characterized by creaminess, fattiness and thickness. Guar gum
thickening further increases perception of these attributes. On the other hand, irreversible
flocculation with saliva of lysozyme stabilized emulsions leads to a large viscosity increase
upon oral processing, retention of emulsions droplets on tongue surface and is related to
dryness and roughness sensations. Guar gum thickening decreases the effects of lysozyme,
likely because of the improved lubrication related to the increased viscosity. The behavior
of lysozyme emulsions reminds one of astringency perception of e.g. tannins that

precipitate salivary proteins.
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Appendix A - Description of sensory attributes

Attribute

Description

Odor attributes

Ointensity
Ovanilla
Ochalk

Intensity of the odor
Vanilla odor; baby food
Odor of chalk; pancake batter; meal, milk

Taste attributes

Tintensity Intensity of the taste; taste-explosion

Tvanilla Taste of vanilla

Tsweet Sweet taste

Tsour Sour taste

Tsalty Slightly salt taste, like liquorice, sea water

Thbitter Bitter taste

Toil Taste of salad oil

Tcreamy Taste of cream; dairy taste

Twallpaperglue Cardboard taste, starch, wall paper glue

Mouth-feel attributes

Mthick From water to yoghurt thickness

Mcreamy Velvety; warm; soft

Mfatty Fatty oily layer in mouth and on lips

Mslippery Slippery feeling, smooth, like syrup

Msticky Tacky, sticky feeling

Mdry Dry feeling in the mouth; saliva is absorbed; swallowing difficult
Mrough Rough feeling on the teeth and palate

Mmouthfilling  Feeling that whole the mouth is filled up

Mmelting Thinning of the product in the mouth, structure disappears

After taste attributes

ATintensity Intensity of the after taste

ATsweet Sweet aftertaste

ATbitter Bitter; taste like aspirin; sparkling feeling in the rear of the mouth
ATsalty Slight salty after taste; like liquorice or seawater

AToxidised Metal; iron like

ATduration Duration of taste perception in the mouth

After-feel attributes

AFastringent Astringent; contracting after feel

AFdry Saliva absorbing; dry tongue

AFrough Rough feeling on the teeth

AFraw tongue
AFgrainy
AFcreamy
AFslimy
AFcoating
AFsticky
AFsatiation

AFprickling

Raw feeling; sandpaper or cat’s tongue

Very fine granules; mealy, powdery, flowery
Velvety; warm; soft

Feeling of threads at palate; keep swallowing
Fatty coating on tongue, lips or cheek

Syrupy; stickily

Hunger alleviation; rich, satisfactory

Tingling prickling feeling on lips and/or tongue
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Summary and general discussion
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The aim of this work was to examine the role of saliva in the oral behavior of food
emulsions. With oral behavior of emulsions we denote the changes in the emulsion
properties in the oral cavity (environment) due to the presence of saliva. Other aspects of
oral behavior such as the effect of the tongue movement or the shearing of emulsions
between oral surfaces are beyond the scope of this thesis.

Extensive literature is available on various aspects of emulsions and saliva separately, a
glimpse of which is provided in the introduction of this thesis (Chapter 1). Furthermore, the
reported studies [1-7] about the influence of saliva on sensory perception of food
(emulsions) indicate an increasing interest in this topic. Nevertheless, at the beginning of
this research, very little information was available on the impact of saliva on emulsion
characteristics and on how and/or which parameters are relevant in determining the
physical properties and texture of food emulsions when mixed with saliva.

Saliva-induced emulsion flocculation showed similarity with physical chemical studies
conducted on mixtures of emulsions and polysaccharides. The first mechanistic
investigation on the effect of salivary proteins, namely mucins, reported by Vingerhoeds
and co-authors [8], offered the starting point for this research. The authors hypothesized
mucin-induced depletion as the main flocculation mechanism, although they suggested that
other salivary components could play a role in emulsion flocculation as well. Based on the
above-mentioned hypotheses, and aiming to understand the in vivo situation, we decided to
use human saliva, collected from different donors. Although stimulated saliva can be easily
collected in relatively large quantity, it is constituted mostly of parotid saliva, which does
not contain mucins. In the scope of the suggested hypothesis, the use of unstimulated saliva
was more appropriate. As the amount of saliva from one person was not sufficient to
conduct repeated measurements, unstimulated saliva was pooled from a group constituted
of about ten volunteers. We do realize that, in this way, the presented results reflect an
averaged response. However, even if it would have been possible to use individual saliva,
drawing general conclusions on emulsion oral behavior would be equally difficult because
of the well-known large variability of saliva properties between different persons.

The complexity of saliva imposed limitations on the type of physical chemical techniques
that could be used (Chapters 2-4). In the search for alternative approaches, biochemical and
proteomic methods seemed to be a suitable choice. As a result, we were able to provide
valuable information at molecular level of the salivary components involved in emulsion
flocculation (Chapters 5 and 6). To conclude this work, we performed a sensory study

(Chapter 7) to investigate the influence of the different flocculation behavior on perception
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and to explain the perception of food emulsions based on the information obtained from

physical-chemical and biochemical studies.

Summary of the main results

The preceding observation that saliva induces emulsion flocculation [8] was further
investigated considering the effect of emulsion parameters on the flocculation reversibility
(Chapter 2), rheological properties (Chapters 2 and 4) and on sensory perception (Chapter
7). Chapter 2 describes the influence of using different emulsifiers, both surfactants and
proteins, in emulsion/saliva mixtures. The variation in the observed behavior of
emulsion/saliva mixtures clearly depends on the adsorbed layer of emulsifier at the oil-
water interface of the emulsion droplets and was attributed to the differences in C-potential
induced by the emulsifiers. When emulsions were prepared with SDS and diacetyl tartaric
acid ester of monoglyceride (Panodan), resulting in emulsions with a highly negative C-
potential (i.e. -90 mV and -75 mV, respectively), no flocculation was observed. When
emulsions showed weakly negative or positive (-potential, saliva-induced flocculation
occurred. “Reversible” or “irreversible” flocculation, upon water dilution and shearing
experiments, was linked to the charge sign on the droplet surface. Reversible flocculation
was observed for emulsions stabilized by B-lg and Tween 20, which showed a slightly
negatively C-potential. Upon mixing with saliva, an increase in the viscosity (77) of these
emulsions by a factor of two to three was observed (Chapter 2). Irreversible flocculation of
positively charged emulsions stabilized by lysozyme and CTAB, resulted in even larger
increases in 77, storage modulus (G’) and loss modulus (G ) (Chapters 2 and 4) compared
to reversible flocculation. The behavior of emulsion/saliva mixtures was further studied
considering, the effect of oil content or salivary protein concentration (Chapter 4).
Increased 77, G’ and G ” were observed upon increasing both oil content and salivary protein
concentration. Lastly, the effect of the types of saliva (stimulated vs. unstimulated) was
analyzed as well. The results indicate that stimulated saliva causes a smaller increase in the
n of B-lg stabilized emulsion compared to unstimulated saliva. A decrease in G" and G~
was observed upon mixing stimulated saliva with B-lg stabilized emulsions. In case of
lysozyme stabilized emulsion/saliva mixture, stimulated saliva increased G’ and G”, but

did not significantly affect the viscosity of this mixture.
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By means of a sensory panel study, the effect of some of the investigated parameters, e.g.
emulsifier type, on perception was evaluated (Chapter 7). Clearly, a major difference in the
perception was related to the type of emulsifiers used. Emulsions stabilized by whey
isolated protein (WPI), which flocculate reversibly with saliva, were perceived as creamy
and fatty while lysozyme stabilized emulsions, which flocculate irreversibly upon mixing
with saliva, were perceived as rough, dry and astringent.

In Chapters 3, 5 and 6 we further investigated the mechanism responsible for emulsion
flocculation. It was hypothesized that a depletion mechanism was responsible for
flocculation of weakly negatively charged emulsions while complex formation between
salivary proteins and emulsifiers at the oil-water interface could be responsible for floc
formation in positively charged emulsions (Chapter 2). Indeed, complexes between
lysozyme and salivary proteins in solution were observed by CLSM (Chapter 3).
Furthermore, CLSM images of lysozyme emulsion/saliva mixtures showed that flocs were
constituted of droplets embedded in a proteinaceous structure. In anticipation of the
forthcoming discussion, it was noted that CLSM images of -lg stabilized emulsion/saliva
mixtures, did not show similar results. To investigate the nature of flocculation and
establish the protein composition both in the emulsion’s continuous and droplet phase, we
used different biochemical and proteomic techniques. Chapters 5 and 6 showed that a large
number of salivary proteins and peptides (SPs) in the whole studied M, range are associated
with lysozyme and B-Ig stabilized emulsion droplets. Moreover, the results indicate that the
type of emulsifying protein at the oil-water interface determines which SPs associate with

the droplets in the flocs.

Interaction of salivary components with emulsion droplets

The large amount of SPs associated with the droplets raises several questions regarding the
nature of the interactions involved. Information about the percentage of secondary structure
(e.g. a-helix) or surface hydrophobicity upon adsorption of lysozyme and B-lg to air-water
interfaces is available in literature [9-12]. However, detailed information, for example, of
which amino acids of the proteins at the oil-water interfaces are exposed to the aqueous
phase is not available yet, although in case of lysozyme adsorbed onto an air-water
interface there are indications that the C-terminal end of the molecule is positioned facing

the aqueous solution [11]. The study of the conformation of used proteins at the oil-water
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interface lies beyond the scope of this thesis. Some speculations are therefore needed to
discuss the interaction mechanism.

Analysis of the salivary components associated with the emulsion droplets showed very
complex profiles due to the large number of detected species and M, range (from 1000 Da
to > 250 kDa). Based on results in Chapters 5 and 6, the emulsifier type determines which
SPs are associated with the droplets. For example, the findings that hydrophilic and
hydrophobic peptides with M, <2000 Da were respectively associated to lysozyme and 3-lg
stabilized emulsion droplets, suggest that interactions of these SPs might be driven by
specific motives on the emulsifier molecule exposed to the aqueous phase. In addition,
biochemical evidences from experiments conducted on B-lg emulsion/saliva mixtures at pH
4 point to a major role of the emulsifier in affecting the association of SPs with the droplets
(Figure 1). At pH 4, both RP-HPLC and SDS-PAGE show patterns similar to those
obtained at neutral pH, indicating only a minor pH effect on the association of SPs (with M,
< 100 kDa) with the droplets (Figure 1a and 1b, respectively). Differences were, instead,
observed for the salivary mucins MUC5B and MUC?7. At pH 4, both MUC5B and MUC7
were associating with droplets (Figure 1c), whereas, at neutral pH, MUC5B was found in
the continuous phase of -lg emulsion/saliva mixtures as well. These results confirm that
the emulsifier protein layer largely influences the type of adsorbed SPs. Moreover the
electrostatic effect as driving force for adsorption due to pH changes seems to be limited, in
B-1g emulsion/saliva mixtures, to large molecular weight proteins as MUCS5B.

Another point of discussion concerns the structure of the associated protein layer, which
might be of particular interest for future investigations. For example, SPs might interact
with the emulsifiers at the oil-water interfaces, as single molecules but also as part of larger
complexes. The presence of complexes between several SPs [13-16] could allow proteins
which do not have affinity to the emulsion droplets to be associated with the oil droplets.
Moreover, it is possible that several SPs layers are present on the droplets and that the
adsorption of each protein is influenced by the nature of the previous layer [17, 18]. A
summary of the possible interaction mechanisms of salivary proteins and peptides with

emulsion droplets is schematically illustrated in Figure 2.

215



Chapter 8

a)
pH4

= 100 ¥

£
= '
& ] pH 6.7

0o 50 10.0 150 200 250 100 0 400 450 500 £ D BO.O
Retention time {min)
b) C)

: MUC5B
250 '

C— MUC7T
150

100

Figure 1 — (a) RP-HPLC profiles PA of -lg stabilized emulsions mixed with saliva at pH 4 and pH
6.7 (for comparison); (b) SDS-PAGE on a 15 % gel after Coomassie staining of marker (lane 1),
saliva, (lane 2), PNA (lane 3) and PA (lane 4) obtained from -lg emulsions/saliva mixture at pH 4;
(c) Western blot performed with monoclonal antibodies anti-MUCS5B (lanes 2 and 3) and anti-
MUCT7 (lanes 4 and 5) of samples PNA (lanes 2 and 4) and PA (lanes 3 and 5). Lane 1 shows the
marker. PNA and PA indicate proteins non-associated and protein-associated with emulsion

droplets, respectively, upon mixing emulsions with saliva.
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Chapter 8

Depletion or bridging flocculation?

In view of the findings presented in Chapters 2 and 3, both depletion and bridging
flocculation mechanisms were initially hypothesized. According to Chapters 5 and 6, the
crucial step in determining the emulsion flocculation behavior is the interaction/adsorption
of SPs with the oil-water interface stabilized by the emulsifiers. CLSM images of lysozyme
emulsions after mixing with saliva, showed emulsion droplets embedded in a matrix of
proteinaceous salivary structure. Unfortunately, microscopic investigation using SEM and
CLSM conducted on B-Ig emulsion/saliva mixtures did not provide valuable indication to
support the two hypothesized flocculation mechanisms. As illustrated in Figure 3, it is not
clear whether SPs are in contact with the droplets or are just located in their proximity.
Moreover, these techniques do not offer sufficient resolution for a close analysis of the
droplet surface. The depletion mechanism for B-lg emulsions was initially proposed based
on a previous study [8] and on laser diffraction and rheology measurements (Chapter 2).
The sizes of the flocs in flocculated emulsions obtained with laser diffraction were smaller
than those observed with CLSM and light microscopy. It is likely that dilution and shearing
during the measurements lead to break up of the large flocs into smaller ones. This
suggestion, underlined by the hysteresis observed during rheological experiments, with
lower viscosity values for the backward curves compared to the forward curves, points to

irreversible break up of the flocs upon shear.

10 um

Figure 3 — Cryo-SEM (left) and CLSM (right) of -lg emulsion/saliva mixtures (10% w/w oil; 0.6
mg mL" SPs) stained with Nile-Red (oil phase, in dark) and Oregon Green (SPs in white).
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According to the definition of depletion, flocculation is induced by non-adsorbing polymers,
because the center of mass of the molecule cannot approach the droplet surface closer than
a distance of about its radius of gyration. In view of the large M, and three-dimensional
structure, mucins resemble other polysaccharides, such as dextran, which are causing
emulsion flocculation by depletion [19, 20]. If salivary mucins are responsible for depletion
flocculation of B-lg emulsions, they should not be found present in the droplets phase. As
shown, instead, both MUC5B and MUC7 were associated with B-lg emulsion droplets at
physiological pH (Chapter 6). We propose that bridging flocculation plays a dominant role
in the observed flocculation of B-lg and lysozyme stabilized emulsions. Therefore,
differences in emulsion behavior upon mixing with saliva as described in Chapters 2, 4 and
7 are attributed to variations in complex formation/adsorption of salivary proteins to the
emulsion droplets. The (ir-)reversibility can be explained assuming differences in the
interaction forces due to the different SPs adsorbed to the droplets. Upon dilution and
higher shear rates, SPs-droplets complexes are broken down. We, therefore, suggest that in
case of B-lg emulsion/saliva mixtures, the particle-size distribution obtained with laser
diffraction measurements reflects the presence of single droplets with small salivary
proteins and peptides attached. Figure 4 illustrates the effect of shear and water dilution on
the flocculated lysozyme and [B-lg emulsions, according to the proposed flocculation
mechanism.

In this thesis the mechanism of saliva-induced flocculation was further investigated by
means of biochemical techniques only for emulsions stabilized by proteins. However, it is
likely that SPs adsorption, as driving force for flocculation, occurred with emulsions
stabilized by surfactant as CTAB and Tween 20 as well. Similarly to complex formation in
Chapter 3, complexes between CTAB in solution and saliva have been observed with light
microscopy (data not shown). Moreover, irreversible flocculation took place in a mixture of
saliva and CTAB stabilized emulsions (Chapter 2). Previously, irreversible flocculation in
Tween 20 stabilized emulsion/saliva mixtures was reported when saliva from different
individuals was used [8]. These observations, which suggest adsorption of SPs onto CTAB
and Tween 20 oil-water interfaces, point to a predominant role of bridging in the saliva-

induced flocculation of the studied emulsions.
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Figure 4 — Variation of the shear rate dependent viscosity and measured particle size for lysozyme

and B-1g stabilized emulsions mixed with saliva as consequence of the different SPs associated with

emulsion droplets.

A different perspective for sensory perception

It is generally accepted that the sensory perception of food in the mouth is related to
physical-chemical properties of the products [21-25]. For instance, viscosity is thought to
be one of the important parameters to explain the perception of creaminess and thickness
[24-27]. During this study we have shown that rheological properties of liquid emulsions
drastically change upon mixing with saliva as a consequence of association with SPs. An
increase in 7, G’ and G~ was observed as a consequence of flocculation.

Sensory perception is also known to be affected by the processes occurring in the mouth
during mastication and by mixing with saliva [1, 4, 5, 28]. We showed that the differences
in saliva-induced flocculation behavior can be clearly perceived with astringent and rough
attributes from one side, and creamy, fatty attributes from the other.

Our results show that different SPs are involved in adsorption with emulsion droplets which

results in emulsion flocculation. Our suggestion is that the different SPs present at the
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droplet surface are responsible for the characteristics of the flocs as, for example, the floc
size. These features ultimately determine the bulk properties of the studied emulsion/saliva
mixtures such as the viscosity and the shear thinning behavior (Figure 4). Moreover, upon
adsorption onto the droplets, saliva is deprived of proteins and peptides as well (Chapters 5
and 6) which may lead to changes in saliva properties. For example, the complete removal
of the lubricating mucins from saliva, as seen in lysozyme emulsion/saliva mixtures might
affect lubrication at oral surfaces and ultimately be responsible for the astringent sensation
[29-31]. Furthermore, it is likely that flocculation at the tongue and palate surfaces
influences the friction forces which are known to be important for perception [32, 33]. In
view of these considerations, SPs-droplets complexes most likely influence the perception
of low viscosity emulsions in several ways rather than affecting only the bulk rheological
properties of the emulsion/saliva mixtures. The schematic representation of this new
proposed mechanism ultimately responsible for the sensory perception of non-thickened
emulsions is illustrated in Figure 5. To understand the cause of the sensorial experience of
food emulsions in the mouth, it might be important to further investigate at a molecular

level the interaction with salivary components.

Structural properties \
of the flocs (e.g. Molecular
Emulsion Saliva amount SPs) composition,
- o properties of saliva
Ce in the mouth
(¢)
B 5 «
o+ : 8 oy S Bulk rheological Sensory
DS° Ve » ‘ » properties of > .
08 %: . emulsion/saliva Perception
PO A 1 2 mixtures (e.g. i, G’, G”)
L[]
?08 8 ® Aqueous phase ’
Friction and
lubrication

1: Adsorption

2: Floc Formation

Figure 5 — Schematic representation of the different steps occurring upon mixing the studied
emulsions with saliva. Adsorption of salivary protein and peptide to the emulsion droplets, followed
by floc formation with characteristic structural features, is the key factor influencing sensory
perception. As a consequence of the floc formation, changes in saliva properties, rheology of
emulsion/saliva mixtures, friction and lubrication in the mouth might determine differences in

perception of low viscosity emulsions.
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Chapter 8

Suggestions for future research

As research is performed new results lead to new insights while many questions are still
waiting to be answered. Future research could focus on the molecular interaction between
the surface of emulsion droplets and saliva in order to better understand the flocculation
mechanism and the possibility of controlling it. We show that by varying conditions, as
type of emulsifiers and pH, flocculation can be changed. As the experiments have been
conducted using predominantly unstimulated pooled saliva from different donors, it is of
interest to evaluate the effect of unstimulated saliva collected from different individuals.
Moreover, it would be useful to further study association of SPs from stimulated saliva with
emulsion droplets. As an alternative, instead of using an in vitro mixture of emulsions with
saliva, spat out samples could be used. As salivary components were found on the emulsion
droplets, it could be of interest to relate perception to the amount of SPs at the droplets
surface. It is surely fascinating to study a relationship between the different amount of SPs
at the droplets and the sensory rating by different persons. Moreover, the same type of
study could be performed to evaluate the link of SPs with measured rheological parameters,
e.g. viscosity, from spat out samples.

To further confirm the role of flocculation in perception, the investigation of the perception
of emulsions which do not flocculate upon mixing with saliva could be informative.
Unfortunately, our attempt to prepare food grade low viscosity emulsions with such
characteristics did not succeed.Moreover, since this research was mostly conducted on
liquid model emulsions, it is worthwhile to investigate the effect of saliva on more complex

emulsions with composition similar to commercial products.
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Samenvatting

Tijdens consumptie ondergaan levensmiddelen verscheidene processen in de mond, die de
sensorische waarneming beinvloeden. Eén van die processen is het mengen van het voedsel
met speeksel. Veel levensmiddelen, zoals bijvoorbeeld melk, zijn emulsies. Emulsies zijn
dispersies van twee onderling niet mengbare vloeistoffen, waarin één vloeistof in de vorm
van kleine druppeltjes is gedispergeerd in een andere vloeistof. Deze studie richt zich op het
gedrag van levensmiddelemulsies wanneer deze in de mond met speeksel gemengd worden.
Vanuit eerder onderzoek is bekend dat olie-in-water emulsies uitvlokken wanneer deze
gemengd worden met speeksel, waarbij depletie is voorgesteld als drijvende kracht voor
vlokking. Depletievlokking is een gevolg van de verlaging van de osmotische druk in een
klein volume tussen twee nabije druppels, waartoe polymere moleculen (zoals grote
speekseleiwitten) geen toegang hebben (depletie) vanwege hun te grote afmeting. De
osmotische druk van de omringende polymeeroplossing drijft de druppels dan bijeen. Om
meer inzicht te verkrijgen in het mechanisme waarmee speeksel emulsies uitvlokt, is in
hoofdstuk 2 de rol van elektrostatische interacties op het gedrag van emulsie/speeksel
mengsels onderzocht. Emulsies, bereid met surfactants en eiwitten vari€rend in lading,
werden gemengd met speeksel. Emulsies met sterk negatief geladen druppels (SDS en
Panodan) vlokken niet met speeksel. De meest waarschijnlijke reden hiervoor is dat de
elektrostatische afstoting tussen de druppels sterker is dan de som van de aantrekkende
krachten als gevolg van depletie en van der Waals interacties. Netto ongeladen en zwak
negatief geladen emulsies (Tween 20 en B-lactoglobuline (B-Ig) pH 6.7) vlokken met
speeksel, waarbij de vlokken weer uit elkaar vallen (omkeerbare vlokking) bij verdunnen
met water of bij aanbrengen van afschuivingkrachten. Dit type vlokking kan waarschijnlijk
toegeschreven worden aan depletie interacties veroorzaakt door grote speekseleiwitten
zoals mucins, in combinatie met van der Waals interacties en lage elektrostatische afstoting
tussen de druppels. Positief geladen emulsies (CTAB, lysozym en B-lg pH 3.0) vlokken
onomkeerbaar (irreversibel) met speeksel, wat resulteert in een snelle fasescheiding. De
elektrostatische aantrekking tussen de negatief geladen speekseleiwitten en de positief
geladen emulsiedruppels speelt hierbij een belangrijke rol. De resultaten van hoofdstuk 2
laten zien dat het teken van de lading en de ladingsdichtheid op het oppervlak van
emulsiedruppels significant bijdragen aan het gedrag van emulsies bij mengen met speeksel.
Afhankelijk van de lading zijn depletie en elektrostatische krachten voorgesteld als de twee

belangrijkste drijvende krachten voor speekselgeinduceerde emulsievlokking.
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In hoofdstuk 3 is de interactie tussen speeksel en lysozym-gestabiliseerde emulsies (10 %
w/w olie, 10 mM NaCl, pH 6.7) bestudeerd om ons inzicht in het mechanisme van vlokking
van deze emulsies met speeksel te vergroten. Met behulp van Confocale Laser Scanning
Microscopie zijn complexen tussen speekseleiwitten en lysozym aangetoond. Deze
complexvorming vindt zowel plaats met lysozym in oplossing als met lysozym
geadsorbeerd aan het olie-water grensvlak van de emulsiedruppels.

Om de rol van elektrostatische interacties in emulsie/speeksel mengsels te onderzoeken,
zijn laser diffractie en rheologische metingen uitgevoerd bij vari€rende ionsterkte. Een
toename in de ionsterkte resulteerde in een afhame van emulsievlokking door speeksel,
zoals waargenomen door afnemende vlokgrootte en het effect op de viscositeit.
Turbiditeitsexperimenten met variérende pH (3 tot 7) en ionsterkte lieten ook verminderde
complexvorming zien in mengsels van speeksel en lysozym in oplossing. Concluderend, de
elektrostatische aantrekking tussen lysozym en speekselcomponenten speelt een belangrijke
rol voor complexvorming in lysozym-emulsie/speeksel mengsels.

Hoofdstuk 4 bestudeert de invloed van variatie in emulsie- en speekseleigenschappen op
de rheologische eigenschappen van B-Ig en lysozym gestabiliseerde emulsies gemengd met
speeksel bij pH 6.7. Hierbij is het effect onderzocht van de volumefractie olie, de
speekseleiwitconcentratie en het gebruik van niet gestimuleerd en gestimuleerd speeksel.
Viscositeit, opslag- en verliesmoduli zijn bepaald aan de emulsies (7emu, G emui €0 G emul)
en aan emulsie/speeksel mengsels (7mix, G'mix €n G 'mix). Voor een inschatting van het
effect als gevolg van de speekselgeinduceerde vlokking op het rheologische gedrag van de
emulsies zijn de ratio’s Mmix/ Memul, G mix/G emul €0 G 'mix/ G 'emul berekend. Een verhoging
van de volumefractie olie en van de speekseleiwitconcentratie resulteerde in beide gevallen
in een verhoging van #mix/ Nemul, G 'mix/G ‘emul €1 G " 'mix/ G " emul-

Het mengen van gestimuleerd speeksel met B-lg gestabiliseerde emulsies resulteerde in
lagere Mmix/ Nemul, G 'mix/G emut €1 G 'mix/G emu vergeleken met het niet gestimuleerde
speeksel. Aan de andere kant werd in het geval van lysozym gestabiliseerde emulsies een
toename in zowel G nix/G emul als G 'nix/G 'emu gevonden voor gestimuleerd speeksel
vergeleken met niet gestimuleerd speeksel. Er was geen verschil in het effect van gebruik
van gestimuleerd of niet gestimuleerd speeksel op de  Mmix/emu Van lysozym
emulsie/speeksel mengsels. Deze resultaten laten zien dat het effect van gestimuleerd

speeksel op de rheologische eigenschappen van emulsie/speeksel mengsels sterk athangt
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van het emulsie type. Dit hoofdstuk geeft aan dat zowel speeksel- als emulsie-
eigenschappen het rheologische gedrag van emulsie/speeksel mengsels kunnen beinvloeden.
De verschillen in emulsiegedrag als gevolg van mengen met al dan niet gestimuleerd
speeksel, geven aan dat er een belangrijke rol is van speekseleiwitten op het rheologische
gedrag van emulsies in de mond. Het doel van hoofdstuk 5 en 6 was om meer inzicht te
verkrijgen in welke speekseleiwitten betrokken zijn bij emulsievlokking. In hoofdstuk 5
zijn twee proteomics technieken gebruikt, te weten SELDI-TOF-MS en RP-HPLC
gekoppeld met MS, om de interactie tussen emulsies en speekseleiwitten en peptiden (SP’s)
met een molekuulgewicht tussen 800 en 20000 Da uit niet gestimuleerd speeksel te
bestuderen. Met deze opzet wordt het voordeel van een snel resultaat met weinig
monstervoorbewerking en een algemeen overzicht van de betrokken speekseleiwitten door
SELDI-TOF-MS gecombineerd met de identificatie en karakterisering van de sequenties
met behulp van RP-HPLC-MS. Lysozym en B-lg gestabiliseerde emulsies zijn gemengd
met niet gestimuleerd speeksel tot een concentratie van 10% w/w olie en 0.6 mg mL™' SP's.
Speekselcomponenten geassocieerd met de emulsiedruppels, zijn geanalyseerd na het
verwijderen van de gebonden eiwitten en peptiden van de druppels met SDS. Voor lysozym
gestabiliseerde emulsies zijn in totaal 60 verschillende SP's teruggevonden in de fracties
geassocieerd met emulsiedruppels, en voor B-lg emulsies zelfs 119. De resultaten duiden er
op dat hydrofiliciteit en hydrofobiciteit een rol spelen bij de associatie van SP’s < m/z 2000
aan respectievelijk lysozym en B-lg gestabiliseerde emulsiedruppels. Gefosforyleerde SP's
associéren voornamelijk met B-lg gestabiliseerde emulsiedruppels. De resultaten van dit
hoofdstuk suggereren dat de adsorptie/associatie van SP's aan emulsiedruppels gedeeltelijk
gedreven wordt door een specifieke interactie van de speekselcomponenten met de naar de
waterfase toe ge€xposeerde sequenties van de emulgerende eiwitten op de olie-water
grensvlakken.

Hoofdstuk 6 bestudeert de interactie tussen lysozym en [-lg gestabiliseerde emulsies met
speekseleiwitten en peptiden met een molecuulgewicht (M,) groter dan 10 kDa met behulp
van infrarood spectroscopie, Western blotting, PAS kleuring en SDS-PAGE gekoppeld aan
MS. Het hoogmoleculaire mucine MUCS5B bindt sterk aan lysozym gestabiliseerde
emulsies. Aan B-lg gestabiliseerde emulsies bindt MUC5B matig en MUC7 sterk. Ook
speekseleiwitten in de M, range van 10-100 kDa binden verschillend aan de lysozym en -
lg emulsiedruppels. Merendeel van de SP’s binden aan de lysozym emulsiedruppels, terwijl

in het geval van B-1g gestabiliseerde emulsies de SP’s zich meer evenredig verdelen tussen
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de druppels en de continue fase van de emulsie. Een duidelijk voorbeeld is a-amylase (M, ~
55 kDa), dat sterk associeert met lysozym gestabiliseerde emulsiedruppels, maar niet met
B-lg emulsie druppels. Onze bevindingen duiden er op dat adsorptie/associatie van
speekseleiwitten aan het druppeloppervlak afthankelijk is van het type emulgerend eiwit op
het olie-water grensvlak.

Emulsieperceptie kan meestal niet direct worden gerelateerd aan de structuur van deze
producten voor consumptie. Rekening houden met de veranderde structuur van het product
tijdens verwerking in de mond kan het inzicht in de relatie tussen sensoriek en
producteigenschappen vergroten. De resultaten van hoofdstuk 7 laten een duidelijk effect
van speekselgeinduceerde vlokking op perceptie van de onderzochte emulsies zien. WPI
gestabiliseerde emulsies (omkeerbare vlokking) blijven nauwelijks achter op de tong en
perceptie wordt gekenmerkt door romigheid, vettigheid en dik mondgevoel. Het verdikken
van deze emulsies met guar gom versterkt perceptie van deze attributen. Aan de andere kant
wordt perceptie van lysozym gestabiliseerde emulsies (onomkeerbare vlokking)
gekenmerkt door een ruw, droog en astringent mond- en nagevoel, een sterke toename in de
viscositeit na mengen met speeksel en een duidelijke retentie op het tongoppervlak. Het
gedrag van deze emulsies lijkt op de astringente perceptie van tannines, die veroorzaakt
wordt door complexeren met speekseleiwitten waardoor de lubricerende werking van
speeksel achteruit gaat. Verdikken met guar gom verlaagt de typische sensorische effecten
van de lysozym emulsie, waarschijnlijk vanwege de lubricerende eigenschappen van guar
gom.

Het laatste hoofdstuk, hoofdstuk 8, legt de relatie tussen de fysisch-chemische,
biochemische en sensorische studies naar de interactie tussen speeksel en emulsies. Er
wordt een interactiemechanisme voorgesteld om speekselgeinduceerde emulsievlokking te
verklaren, in samenhang met de waargenomen perceptie.

Vlokking door brugvorming, waarbij speekseleiwitten en peptiden adsorberen aan het olie-
water grensvlak en een brug vormen tussen één of meerdere emulsiedruppels, speelt een
dominante rol in de waargenomen vlokking. De verschillen in gebonden speekseleiwitten
(hoofdstukken 5 en 6) bepalen de eigenschappen van de vlokken, en daarmee de
rheologische eigenschappen van de emulsie/speeksel mengsels, zoals beschreven in
hoofdstuk 2, 4 en 7.

Door adsorptie van speekseleiwitten aan de druppels, vermindert de concentratie van deze

eiwitten en peptiden in speeksel, wat vervolgens leidt tot veranderde
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speekseleigenschappen, zoals een verminderde lubricerende werking. Bovendien is het zeer
waarschijnlijk dat emulsievlokking aan tong en verhemelte de frictieckrachten beinvloeden,
waarvan bekend is dat deze een rol spelen bij perceptie. Dit proefschrift stelt dat perceptie
van laag-visceuze emulsies wordt beinvloed door complexen tussen speekseleiwitten en
emulsiedruppels, wat leidt tot veranderingen in zowel de speekselsamenstelling als ook in

de rheologische eigenschappen van de emulsie/speeksel mengsels.
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Alcuni prodotti alimentari, come il latte e il burro, sono emulsioni, ossia dispersioni, pit o
meno stabili, di un liquido sotto forma di minutissime goccioline (fase dispersa) in un altro
liquido non miscibile (fase disperdente). A seguito della loro ingestione, questi prodotti,
vengono sottosposti nella nostra bocca a diversi processi e modificazioni structturali. Uno
dei questi processi e’ il mescolamento con la saliva. Una precedente ricerca aveva mostrato
che, a seguito del mescolamento con la saliva, le goccioline della fase dispersa aggregavano,
formando dei fiocchi di goccioline, probabilmente per “deplezione”.

La finalita’ di questa tesi di dottorato e’ di studiare il ruolo della saliva nella generazione
del processo di aggregazione, meglio conosciuto come flocculazione, di emulsioni modello,
cioe’ emulsioni costituite da goccioline di olio, stabilizzate da proteine o altri emulsionanti.
Nel capitolo 1 vengono riportate alcune nozioni di base delle emulsioni e della saliva. Il
capitolo 2 affronta il problema del ruolo dell’ interazione elettrostatica nella flocculazione
delle miscele emulsione/saliva. L’uso di diverse proteine e surfattanti per stabilizzare le
emulsioni, induce una differenza di carica sulla superficie delle emulsioni. Miscele di
emulsioni stabilizzate da SDS e Panodan, che posseggono un potenziale ¢ sulla superficie
delle goccioline altamente negativo, non flocculano. In questo caso, la repulsione
elettrostatica supera I’effetto delle attrazione generate dallle forze di deplezione e di van der
Waals. Miscele di emulsioni stabilizzate da Tween 20 e B-lattoglobulina a pH 6.7, con un
potenziale { neutro o poco negativo, flocculano reversibilmente a seguito di diluizioni e di
forze di scorrimento (shear). In questo caso, la flocculazione e’ probabilemte dovuta a
effetto di deplezione delle mucine in combinazione con forze di van der Waals e la debole
repulsione elettrostatica. Emulsioni con carica positiva, come quelle stabilizzate da CTAB,
lisozima e [-lattoglobulina a pH 3.0 flocculano irreversibilimente. I risultati di questo
capitolo mostrano che la carica e I’intensita’ della carica sulla superficie delle goccioline
contribuisce significativamente al comportamento delle miscele emulsioni/saliva portandoci
ad ipotizzare ambedue i fenomeni di deplezione e interazione elettrostatica alla base della
flocculazione delle miscele analizzate.

Nel capitolo 3 abbiamo investigato le miscele di saliva e emulsioni stabilizzate da lisozima
(10 % w/w olio, 10 mM NaCl, pH 6.7). Con I’ausilio della microscopia (CLSM) abbiamo
mostrato la presenza della formazione di complessi tra le emulsioni e le proteine della
saliva. La formazione di questi complessi ha luogo sulla superficie delle goccioline di
emulsione, all’interfaccia acqua-olio. L’interazione elettorstatica viene studiata usando

metodiche di reologia e di diffrazione della luce, dopo aver variato la forza ionica (tra 0 e
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168 mM NacCl) e il pH delle miscele (da 3 a 7). L’aumento della forza ionica induce una
riduzione dell’incremento della viscosita’ delle miscele dovuta alla flocculazione indotta
dalla presenza della saliva. Esperimenti di misurazione della turbidita’, invece sono stati
condotti variando sia la forza ionica che il pH di alcune soluzioni di lisozima e di saliva. |
risultati ottenuti sono in linea con aspettative, indicando rispettivamente una diminuzione e
un aumento dei complessi tra le molecule di lisozima e le proteine della saliva a seguito
della variazione di NaCl (fornza ionica) e di pH. In conclusione, la formazione di fiocchi di
goccioline in queste miscele e’ indotta largamente dalla interazione elettrostatica e
conseguente formazione di complessi tra il lisozima che stabilizza le emulsione e le
proteine della saliva.

Il capitolo 4 riporta gli effetti delle variazione di alcune caratteristiche delle emulsione e
della saliva focalizzando I’attenzione sulle miscele di emulsioni stabilizzate da lisozima
(potenziale di superficie positivo) e sulle miscele di emulsioni stabilizzate B-lattoglobulina
a pH 6.7 (potenziale di superficie negativo). La viscosita’, il modulo dellle deformazione
elastica e plastica, in inglese viscosity (77), storage modulus (G ") e loss modulus (G’), sono
stati studiati variando il volume d’olio delle miscele (dal 2.5% w/w al 10% w/w), la
concentrazione di saliva (da 0.1 a 0.8 mg mL™") e usando saliva prodotta con o senza
stimolazione meccanica. L’effetto della saliva e’ stato valutato utilizzando il rapporto tra
Tmix2 G 'mix €0 G 'nix delle miscele € 7emut, G emui €0 G eyt delle emulsioni di partenza (in
assenza di saliva). I risultati mostrano un aumento di #7mix/ Zemul, G 'mix/G emul € G 'mix/ G emul
a seguito dell’incremento del volume di olio e della concentrazione della saliva per tutte e
due le emulsioni analizzate. La miscele di saliva, ottenuta mediante stimulazione, e
emulsione stabilizzata da B-lattoglobulina a pH 6.7, mostra una diminuzione di 7Jmix/ Jemul,
G 'mix/ G emul €0 G 'mi/ G 'emu Tispetto all’utilizzazione di saliva ottenuta senza stimulazione.
Dall’altro lato, la miscele di saliva, ottenuta mediante stimulazione, e emulsione stabilizzata
da lisozima, mostra una aumento di G nix/G emul €N G 'nix/ G "emul Tispetto all’utilizza di
saliva ottenuta senza stimilazione. Questi risulati dimostrano chiaramente che sia variazioni
delle proprieta’ della saliva che delle emulsioni influenzano il comportamento reologico
delle miscele.

Nella seconda parte di questa tesi, capitoli 5 e 6, sono state utilizzate diverse metodologie
di biochimica e di proteomica per meglio caratterizzare quali sono le proteine della saliva
attivamente coinvolte nell’induzione della flocculazione delle emulsioni. Nel capitolo 5

I’utilizzo di SELDI-TOF-MS e RP-HPLC in combinazione con MS, hanno permesso I’
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analisi delle proteine e dei peptidi della saliva (SPs), aventi massa molecolare compresa
nell’intervallo tra 800 e 20000 daltons (Da). Il vantaggio di utilizzare queste due techniche
consiste da un lato nell’ ottenere velocemente informazioni relative al numero di masse
molecolari (quindi numero di composti) e dall’altro nell’identificazione delle proteine
stesse. Dopo aver mescolato saliva con emulsioni stabilizzate da lisozima e 3-lattoglobulina
a pH 6.7, le SPs che sono rimaste attaccate alle goccioline, sono rimosse con un trattamento
con SDS. Nel caso di miscele di saliva con emulsioni di lisozima, 60 differenti SPs sono
stati trovati associati alle emulsioni, mentre, nel caso di miscele di saliva con emulsioni di
B-lattoglobulina a pH 6.7, 119 differenti SPs sono stati rinvenuti. I risultati indicano che
I’idrofobicita’ e/o idrofilicita’ di peptidi aventi massa molecolare inferiore a 2000 Da, gioca
un ruolo importante nel determinare se un peptide assorbira’ o meno sulla superficie delle
goccie di emulsione. Inoltre e’ stato dimostrato che proteine con modificazioni post
traduzionali, come ad esempio fosforilazione, associano in prevalenza a goccie di
emulsione stabilizzate da B-lattoglobulina a pH 6.7. In generale questo capitolo mostra che
I’ assorbimento/associazione di SPs con le emulsioni e’ guidato da un interazione specifica
tra 1 componenti della saliva e sequenze delle emulsificante esposte verso la fase
disperdente. Il capitolo 6, continuazione del precedente capitolo, esplora I’interazione delle
emulsioni analizzate con proteine aventi massa molecolare (M,) superiore a 10 kDa.
Spettroscopia a infrarosso, Western blotting, colorazione PAS e SDS-PAGE associato a
MS sono le metodiche utilizzate in questo capitolo. Tra gli altri risultati, ¢’ stato osservato
che la mucina MUCSB si lega fortemente a emulsioni di lisozima, mentre in misura minore
a emulsioni stabilizzate da -lattoglobulina a pH 6.7. Anche altre proteine, aventi M, tra 10
e 100 kDa sono state identificate, ¢ sono associate, seppure con notevoli diferenze, ad
ambedue le emulsioni. Ad esempio, la a-amylase (M, ~ 55 kDa) si lega alle emulsioni di
lisozima, ma non a quelle di B-lattoglobulina. In conclusione, anche per le proteine com
massa molecolare supeiore a 10 kDa, 1’agente emulsificante determina I’
assorbimento/associazione con le emulsioni.

Nel capitolo 7, invece viene affrontato il problema della percezione delle emulsioni. Spesso
la percezione delle emulsioni non puo’ essere direttamente correlata alla struttura e
proprieta’ dei prodotti prima del consumo. Considerare i diversi cambiamenti che
avvengono nelle miscele di saliva ed emulsioni durante la persistenza dei prodotti nel cavo
orale puo’ essere di aiuto nel spiegare la percezione sensoriale. Emulsioni stabilizzate da

WPI (costutito per la maggior parte da B-lattoglobulina) e da lisozima, flocculano, come in
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precedenza dimostrato, rispettivamente in modo reversibile e irreversibile. Queste
emulsioni vengono analizzate in relazione alla percezione. Oltre al diverso tipo di
emulsificante usato (WPI vs. lysozyme), abbiamo studiato I’effetto della concentrazone
dell’olio (2.5% w/w vs. 10% w/w) e dell’aggiunta di agenti addensanti quali guar gum. I
risultati mostrano un chiaro effetto dell’emulsificante usato. Emulsioni stabilizzate da WPI
sono percepite come cremose € presentano una stretta correlazione anche con altri attributi
spesso associati alla cremosita’. L’aggiunta di agente addensante incrementa la percezione
tutti questi attributi. Le emulsioni stabilizzate da lisozima, invece, sono percepite come
astringenti. La percezione di queste ultime emulsioni richiama alla percezione di prodotti
che contengono i tannini, come il te’ o il vino. I tannini formano dei complessi insolubili
con alcune delle proteine contenute nella saliva, quali le proteine ricche di prolina e le
istatine. Questi complessi sono ritenuti responsabili della sensazione di astringenza che
segue I’ingestione di prodotti. L’aggiunta di agente addensante, probabilemente a seguito
della sua azione lubrificante, diminuisce la percezione dell’astringenza, mentre aumenta la
percezione degli attributi legati alla cremosita’.

L’ultimo capitolo, capitolo 8, tenta di correlare i diversi risultati ottenuti dalle metodiche
di chimica fisica, biochimica e di percezione sensoriale. Abbiamo visto, nei capitoli 2, 4 ¢ 7
che la flocculazione indotta nelle diverse emulsioni dalle presenza della saliva cambia in
modo marcato le proprieta’ fisico-chimiche, come ad esempio la viscosita’, delle miscele
stesse. Nei capitoli 5 e 6 abbiamo dimostrato che diverse proteine e peptidi contenuti nella
saliva assorbono/interagiscono con le goccioline di emulsione. Visti i risultati abbiamo
ipotizzato che la flocculazione delle emulsioni analizzate e’ dovuta a un unico meccanismo
di flocculazione, che assomiglia al cosidetto ““ flocculazione a bridging” dove le proteine
delle saliva fanno da ponte tra due o piu’ goccie portando le stesse in stretta vicinanza. In
questo modo i fiocchi che abbiamo osservato nei capitoli 2 e 7 sono il risultato di goccie
tenute insieme da un intreccio di proteine. Inoltre, abbiamo visto che non solo vi sono
differenze nel tipo di proteine associate alle goccie di emulsione, ma anche nella loro
quantita’ relativa. E’ facilemente immaginabile che queste differenze influenzino la
morfologia e la struttura stessa dei fiocchi, oltre che le properieta’ fisico-chimiche. In
aggiunta, in seguito alla formazione di complessi con le goccie di emulsione e la rimozione
di alcune proteine e peptidi dal fluido salivare, la composizione della saliva stessa risulta
alterata. Per esempio le mucine, che sono note per la loro azione lubrificante, assorbono
sulla superficie delle goccioline perdendo cosi’ le loro proprieta’. Per di piu’, dato che la

flocculazione delle emulsioni e’ stata osservata anche sulla superficie della lingua, ¢’
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possibile che i fiocchi formati dalla saliva, alterino anche le forze di frizione che esistono
nella cavita’ orale tra palato e la lingua, influenzando in questo modo la percezione dei
prodotti alimentari.

In conclusione, questa tesi mostra non solo i mecchanismi di formazione del processo di

flocculazione, ma anche ipotizza una diretta correlazione tra flocculazione e percezione.
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