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Physicochemical properties (partition and diffusion coefficients) involved in the mobility and release

of salt and aroma compounds in model cheeses were determined in this study. The values of NaCl

water/product partition coefficients highlighted interactions between proteins and NaCl. However,

these interactions were not modified by the product composition or structure. On the contrary, model

cheese composition and structure influenced NaCl diffusion and both partition and diffusion for

aroma compounds. Analysis of in-nose measurements of aroma release during eating, with regard

to physicochemical properties, showed that product and aroma properties partly contributed to flavor

release. Depending on the model cheese composition, structure and firmness, physicochemical

properties, food breakdown, and chewing behavior can lead to different aroma release profiles.

Finally, a discussion of all the results with regard to salt and flavor perception of the model cheese

showed that both physicochemical and cognitive mechanisms contributed to perception.
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INTRODUCTION

The daily consumption of salt in developed countries is too
high and contributes to health issues such as hypertension,
coronary disease, and stroke. For example, French salt consump-
tion ranges from 9 to 10 g/day, whereas the daily recommended
allowance is around 6-8 g (1). Consequently, there is an increas-
ing interest in the production of low-sodium food products.
However, because salt perception interacts with aroma percep-
tion (2), the reduction of salt in food products without modifying
their organoleptic properties requires a better understanding
of the effects of food structure and composition and of oral
processes on aroma and salt release and perception. During food
consumption, the release of stimuli such as salt and aroma
compounds contributes to perception and depends on physico-
chemical properties such as saliva/product (salt) or air/product
(aroma compound) partition and diffusion. The determination of
these two properties, associated with a better understanding of
the influence of food composition and structure, is thus needed to
obtain a better understanding of the mechanisms involved in
release and perception. These two physicochemical properties
for aroma compounds have been the subject of many studies.
The determination of air/product partition coefficients notably
highlights the retention effect of proteins (3) and fat (4) on
aroma compounds. On the contrary, the addition of salt may
lead to an increase in the air/product partition coefficient of

aroma compounds (5, 6). Food structure influences kinetic
parameters such as the diffusion coefficient. Whether in simple
gels such as pectin or in carrageenan gels (7, 8) or complex
products such as yogurt (9), the presence of a complex tridimen-
sional network leads to a decrease in the diffusion coefficient of
aroma compounds. Concerning NaCl, these two properties have
been less studied. The NaCl diffusion coefficient has been mainly
determined during the brining or ripening step to predict the
final concentration of NaCl in cheeses (10, 11) or meat products
(pork, fish) (12, 13) and the time required to obtain this con-
centration. The impact of food structure on NaCl diffusion was
highlighted: the increase in drymatter or fat content increased the
sieving effect of the structure and decreased the diffusion coeffi-
cient of NaCl (10,14). The water/product partition coefficient of
NaCl has also received little attention. To our knowledge, only
two studies have dealt with the determination of the NaCl water/
product partition coefficient (15,16), and the influence of product
composition has not yet been tackled.

Stimulus release depends on partition and diffusion properties.
However, during eating, it also depends on the type of foods
(liquid/solid), on how the food matrix is manipulated in the
mouth before being swallowed, and on physiology. Several
authors have highlighted the role of physiological parameters
on volatile release, notably respiratory rate, masticatory para-
meters (17), or the velum-tongue border (18). The effectiveness
of this physiological barrier depends on food texture and amount:
for liquid food products, aroma transport to the nose can only
occur during the swallowing breath when a direct connection
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between oral and nasal cavities exists. For solid food products,
mastication can induce intermittent opening of the connection,
leading to aroma release in the nasal cavity before the swallow-
ing event (18, 19). Mastication causes the disorganization of the
matrix and themixing of food particles with saliva, modifying the
transfer interface between the product and the oral cavity where
the volatile compounds are released (20). In-nose measurement
techniques such as atmospheric pressure ionization-mass spec-
trometry (API-MS) and proton transfer reaction-mass spectro-
metry (PTR-MS) are available today tomeasure aroma release in
the expired air of a subject during food consumption. Using these
techniques, the impact of food structure and texture on aroma
release has been studied in different types of products but results
were not always in agreement, and three tendencies emerged.
First, some authors observed that the increase in product viscos-
ity or firmness induced a decrease in flavor release (21,22). On the
contrary, studies showed that when the firmness of pectin gels,
gelatin gels, or model cheeses increased, the quantity of released
aroma compounds increased (23-25). Finally, some authors did
not observe any modification in the release of flavor compounds
in relation to changes in product structure (26-28). These
different findings have been attributed to differences in chewing
behavior and in the experimental protocol used (23,24). Themain
objective of all these studies was to explain perception. Some
studies showed that flavor perception can be partly explained by
the air/product partition coefficient (29, 30) and/or by flavor
release (31, 32). However, some authors observed a decrease in
flavor perception despite there being no difference in flavor
release during consumption (26, 27). On the basis of statistical
correlations, they concluded that an interaction between texture
and flavor perceptions exists because perception is a very complex
process. Sensory interactions between taste and flavor perception
may also influence perception (33, 34). With regard to NaCl
release and salt perception, it was shown that when NaCl release
increased, salt perception increased as well (34,35). However, this
phenomenon has not yet been sufficiently linked to release
mechanisms such as stimulus mobility in the food matrix or
breakdown in the mouth.

Within this complex scientific context, the aim of the present
study was first to determine the physicochemical properties
(partition and diffusion coefficients) of both salt and aroma
compounds in model cheeses with different textures and com-
positions. The release of aroma compounds during the consump-
tion of model cheeses was then measured using a proton transfer
reaction mass spectrometer. Finally, all of the results obtained
were analyzed to identify the main mechanisms involved in the
release and perception of salt and aroma compounds.

MATERIALS AND METHODS

Product Preparation. Model cheeses were prepared as described by
Saint-Eve et al. (36): ultrafiltered skim milk retentate powder (Triballat,
Noyal-sur-Vilaine, France), anhydrous milk fat (Corman, Goé, Belgium),
and sodium chloride (Prolabo, France) were mixed together. Once the pH
value had reached 6.2 by the addition of glucono-δ-lactone (Sigma-
Aldrich, Steinheim, Germany), rennet was added and the mix was poured
into different containers (depending on the method used for the determi-
nation of salt and aroma compound properties) for a 3 h coagulation step.
Ultrafiltered skim milk retentate powder was used because its mineral
composition was quite similar to that of cow’s milk and it made it possible
to avoid the usual syneresis phenomenon. Model cheeses were stored at
4 �C until experiments were carried out the day after their preparation. Six
model cheeses were studied, varying in fat content (20 or 40%, dry basis),
initial salt content (0.5 or 1.5%w/w), or drymatter (250, 370, or 440 g/kg).
Products were coded as follows: dry matter-fat content (dry basis)-salt
content.As shown inTable 1, the variation of the composition led tomodel
cheeses with various degrees of firmness (evaluated by texture profile

analysis as described by Saint-Eve et al. (36)). For diffusion experiments
and in-nose measurements, products were flavored to 0.1% (w/w) with a
blue cheese flavor containing diacetyl (“buttery” note), heptan-2-one
(“blue cheese” note), and ethyl hexanoate (“fruity” note) mixed with
propylene glycol (Aldrich, France). The flavoring step was performed
before rennet addition in the preparation of model cheeses. The three
aroma compounds were provided by Aldrich (Germany). Their physico-
chemical properties and their final concentrations in the product are listed
in Table 2.

Measurement of Aroma Compound Release Kinetics. Aroma
compound release kinetics were determined using the Volatile Air
Stripping Kinetic method (VASK) (37). Figure 1 represents the diagram
of the experimental assembly used in the VASK method. This method is
based on the measurement of the evolution of aroma compound gaseous
concentration above a layer of productwhena gaseous flow rate is applied.
Twenty-five grams of flavored matrix was gelled in 250 mL flasks (Schott,
France) and placed in a thermostated vault at 13 �C for 12 h to reach a
thermodynamic equilibrium between the product and the headspace. The
flask was connected to a high-sensitivity proton transfer reaction mass
spectrometer (PTR-MS) (Ionicon Analytik, Innsbruck, Austria). The
PTR-MS technique has already been largely described (38, 39). The
PTR-MS instrument drift tube was thermally controlled (60 �C) and
operated at 2.0 mbar with a voltage of 600 V. The ratio E/N (E is the
electric field and N is the number density of the gas in the drift tube) was
154.0 ((0.4) Td (Townsend; 1 Td =10-17 V 3 cm

2). Valves on vial caps
made it possible to purge the headspace for 12minwith a constant air flow
(from 20 to 40 mL/min), depending on the experiments. Measurements
were performed with the MID mode with a dwell time per mass of 0.1 s.
The mass fragments for the studied compounds were as follows: m/z 87
(diacetyl), m/z 115 (heptan-2-one), and m/z 145 (ethyl hexanoate). The
signal-to-noise ratio varied from25 to 6� 104, depending on themeasured
m/z, meaning that the responses for the three compounds sufficiently
exceeded the baseline. In addition, the ionsm/z 21 (signal for H3

180þ) and
m/z 37 (signal of the cluster H5O2

þ formation) were observed to monitor
the performance of the instrument. The count rate of H2O-H3O

þ was
0.91-2.62% of the count rate of H3

16Oþ ions, which was (4.1-5.4)� 106

count s-1 (calculated by multiplying the H3
18Oþ signal with a constant

(500) reflecting the isotope ratio between the species H3
18Oþ andH3

16Oþ).
Four replicates were performed for each product.

Determination of the Air/Product Partition and Diffusion Coef-

ficients of Aroma Compounds. Using experimental release kinetics, a
mass transfer analysis was used to determine air/product partition and

Table 1. Premix Composition of the Seven Cheese Modelsa

matrix (w-x-y)

dry matter

(g/kg)

anhydrous milk

fat [fat/dry matter

(% in w/w)]

NaCl

(% in w/w)

firmness

(TPA) (N)

250-40-1.5 250 40 1.5 1.23

370-20-0.5 370 20 0.5 5.31

370-20-1.5 370 20 1.5 3.82

370-40-0.5 370 40 0.5 2.82

370-40-1.5 370 40 1.5 2.54

440-40-0.5 440 40 0.5 6.13

a w, dry matter content; x, fat content; y, salt content.

Table 2. Physicochemical Properties of Aroma Compounds Used To Flavor
Model Cheeses and Final Concentrations

aroma

compound formula

mol wt

(g mol-1)

concn in

model

cheese

(mg/kg) log Pa

sensory

aroma

attribute

Kgas/water
(25 �C)a

diacetyl C4H6O2 86 130 -1.34 butter 0.072� 10-2

ethyl

hexanoate

C8H16O2 144 9 2.83 fruity,

pineapple

3.35� 10-2

heptan-2-one C7H14O 114 6 1.98 blue cheese 0.57� 10-2

a Log P = logarithm of the ratio of the compound concentration in octanol and in
water (EPI, 2000, Estimation Programs Interface V3, 10: database).
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diffusion coefficients of aroma compounds. In the product, transport was
considered unidirectional along the vertical axis and uniform on the cross
section. The limiting step of aroma compound transfer was assumed to be
the diffusion stepwithin the product. The gaseous phase above the product
was considered to be uniform, and convective mass transfer was assumed.
Assuming a local thermodynamic equilibrium at the interfaces and mass
flux conservation through the interfaces at any given time,mass balance on
each phase was performed, leading to amass transfermodel. The apparent
diffusion coefficientDp and the air/product partition coefficient Ka/p were
determined by numerically fitting the mechanistic model to experimental
release data using the Levenberg-Marquardt algorithm (least-squares
curve fitting). Numeric calculations were performed using Matlab 7
software (The Mathworks, Natick, MA) and the associated statistics
toolbox.

Determination of the Water/Product Partition Coefficient of

NaCl. The NaCl water/product partition coefficient, defined as the ratio
of the equilibrium concentration of NaCl between the product and the
water, was determined using the solid/liquid phase ratio variation
(SL-PRV) as described by Lauverjat et al. (37). Seven bottles (250 mL,
Schott, France) containing different volumetric ratios (r) of salted matrix
and deionized water were placed in a thermostated bath at 13 �C for 48 h
to reach thermodynamic equilibrium between the water and the product.
The product volume was between 10 and 40 mL and the water volume
between 40 and 150 mL. After 48 h, the water conductivity was measured
with a calibrated conductivity probe (Heito, France). For the sake of
simplicity, the probe signal was attributed to both NaCl and the other
electrolytes, referred to as X. An overall mass balance at equilibrium gave
the probe signal (Seq), calculated as

Seq ¼ ½NaCl�p0
r þ 1=KNaCl

þ ½X�p0
r þ 1=KX

ð1Þ

where KNaCl and KX are the partition coefficients of NaCl and X,
respectively, between water and the product matrix.

Because the conductivity signal was nonspecific, the determination of
the NaCl partition coefficient required the preliminary estimation of the
water/product partition coefficients of the other electrolytes (KX) aswell as
the initial electrolyte concentration [X]0

p. These parameters were deter-
mined using the same method used for unsalted matrices ([NaCl]0

p=0
in eq 1).

A nonlinear regression as described by Atlan et al. (40) was used on the
seven conductivity measurements to determine the electrolyte water/
product partition coefficient (KNaCl andKX) and the initial concentrations.

Determination of the Diffusion Coefficient of NaCl. The NaCl
diffusion coefficient was determined using the Solid/Liquid Nonvolatile
Release Kinetic method (SL-NVRK) (37). This method is based on mass
transfer analysis of solutes between the product and the liquid phase. To
measure the release kinetics of NaCl from product to water, 40 g of model
cheese was gelled in a 10 cm diameter beaker, leading to a product layer
with 5.1 mm thickness. Five hundred milliliters of deionized water was

added to the gelled product and stirred with a helix at 200 rpm (Re =
2 � 104). The stirring made it possible to maintain a turbulent flow in the
water. A calibrated conductivity probe immersed in the water continu-
ously measured the electrolytes released throughout the 48 h, correspond-
ing to thermodynamic equilibrium. Temperature was controlled and
regulated at 13 �C with a thermostated bath.

The diffusion coefficients of NaCl (DNaCl) and of the other electrolytes
(DX) were determined using a mechanistic model based on mass transfer
analysis. The main assumption was a limiting diffusive mass transfer of
solutesNaCl andXwithin the product. The aqueous phasewas considered
to be uniform, and a convectivemass transferwas assumed. Transport was
considered to be one-dimensional along the vertical axis and uniform on
the cross section. Assuming a local thermodynamic equilibrium at the
water/product interface and mass flux conservation through the interface
at any given time,mass balances for each phase were performed, leading to
a mass transfer model.

To solve the model, a finite volume method was implemented. The
space was discretized into 100 nodes. Numeric calculations in space and
time were performed using Matlab 7 software (The Mathworks). The
model adjustment to experimental conductivity data concerned diffusion
coefficients of NaCl (DNaCl) and electrolytes (DX). It was systematically
verified that the reliable simultaneous determinationof the two parameters
was possible on the basis of the available measurements; the correlation
between the estimated values remained low.

In-Nose Measurement of Aroma Compound Release. For in-nose
analysis, a sampling devicewas placed in both of the subject’s nostrils. This
device was composed of two stainless steel pipes, each one adjustable in
height and mobile enough to be adapted to the morphology of each
subject. Air was drawn in at a rate of 30 mL/min and introduced into the
reaction chamber of the PTR-MS instrument through a heated (60 �C)
Teflon transfer line. The ratio E/N (E is the electric field and N is the
number density of the gas in the drift tube) was 150.6 ((1.2) Td
(Townsend; 1 Td = 10-17 V 3 cm

2). The count rate of H2O-H3O
þ was

3.1-3.5% of the count rate of H3
16Oþ ions, which was (4.3-5.5) � 106

count s-1. The responses for the three compounds sufficiently exceeded the
baseline (the signal-to-noise ratio varied from 8 to 12 depending on the
measured m/z). Four experienced subjects (female, aged 25-34 years)
participated in the in-nose analyses. All subjects underwent one training
session, performing at least three practice runs prior to analysis to
familiarize themselves with the protocol. The sessions ran over 4 weeks,
two sessions per week, and each one lasted 45 min. Eight replicates were
performed by each panelist for each product. The samples were presented
in a monadic way and were distributed using a Latin quare design for each
assessor. After monitoring the air in the room for 10 s, the assessors were
asked to connect themselves to the sampling device and to breathe
normally for 30 s. After the absence of aroma compounds in the assessors’
breaths had been verified, a 4 g portion of the product served at 13 �Cwas
taken into the mouth. No instructions were given to the assessors
regarding how to consume the product. They were only asked to indicate
with a beep every time they swallowed. The whole measurement lasted for

Figure 1. Diagram of the experimental assembly used in the Volatile Air Stripping Kinetic (VASK) method.
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3 min, and assessors were given water and plain crackers as a palate
cleanser between samples. The m/z values were the same as the ones
monitored for in vitro measurements. In addition, the ion m/z 59,
corresponding to breath acetone, was measured. In each session, six
products were consumed by the assessors. Different parameters were
extracted for each molecule from the raw PTR-MS data. The nose-space
aroma release curves were divided into two phases. The first phase (P1)
corresponded to the “oral” phase of consumption during chewing until
swallowing, and the second phase (P2) corresponded to the phase after
swallowing until the end time (Figure 2). For each phase of the release
profile, calculated parameters involved the areas under the curves (AUC1
and AUC2) and the maximum intensities of the release profile (Imax1 and
Imax2). At the end of the second phase, the area under the last 10 s of the
curve was calculated (S50-60).

Statistical Analysis. All data analyses were performed using the SAS
software package, version 9.1 (41). Two different methods were used
depending on the size of the sample. When the sample size was>30 items
(in-nose measurement), an analysis of variance (ANOVA) was performed.
Product effect (composition variable, subjects) was assessed by the
two-way ANOVA. When the product effect was significant (P < 0.05),
revealing a significant difference between the five products, a Student-
Newman-Keuls (SNK) multiple-comparison test was performed to
compare the product mean intensities. When the sample size was <30
items (physicochemical measurements), the Wilcoxon nonparametric test
was performed.

The percentage of variation (x) between the average intensity at the
lowest level of each factor (Int.x) and the average intensity at the highest
level of each factor (Int.y) was calculated according to the following
formula:

x ð%Þ ¼ Int:x - Int:y

Int:y

� �
� 100

RESULTS AND DISCUSSION

The results of the evaluation of the influence of model cheese
composition on the physicochemical properties of salt and aroma
compounds and on in-nose flavor release are first presented.
These results are then discussed in the last part to determine the
respective role of physicochemical properties in solute release and
perception.

Influence of Model Cheese Composition on the Water/Product

Partition and Diffusion Coefficients of NaCl. The partition coeffi-
cient can be defined as the solute affinity for the product. In this
study, the NaCl water/product partition coefficient obtained
using the SL-PRV varied from 0.66 to 0.83 (Figure 3). These
values highlighted the existence of interactions betweenNaCl and
the matrices because they were <1. Milk proteins, especially
caseins, are known to bind to cations (42). This interaction takes
place between the phosphoserine residue and the cation through

electrostatic bonds and depends on the protein (type of casein,
charge), the cation (charge, size, hydration), and the environment
(pH, ionic strength, temperature). However, the standard devia-
tion observed in Figure 3 showed that the composition had no
significant influence on the partition coefficient value. The model
cheeses studied contain several cations such as calcium, which is
known tohave a stronger affinity for casein than sodium (42). The
modification of the composition would influence the casein-
calcium interaction rather than the one between casein and
sodium. This could explain why the variation of model cheese
composition had no significant influence on the partition coeffi-
cient value, as illustrated in Figure 3.

The variation ofmodel cheese composition, leading todifferent
structures, influenced the diffusion coefficient because the values
varied between 2.74� 10-10 and 9.11� 10-10 m2/s. The dry mat-
ter content highly modified the diffusion coefficient of NaCl
(Figure 4a). A 32% decrease in the dry matter of the model
cheeses (from 370 to 250 g/kg) led to an 80% increase in the
diffusion coefficient. Moreover, the diffusion coefficient of NaCl
in the 370-40-0.5 model cheese was 15% higher than the one of
NaCl in the 440-40-0.5 model cheese. The decrease in model
cheese firmness (from 6.13 to 1.23 N, Table 1) induced by a
decrease in dry matter can partly explain the increase in the NaCl
diffusion coefficient. The decrease in dry matter can also induce
an increase in water available for NaCl transport and a decrease
in the sieving effect of the protein networks. As already men-
tioned in previous works (14, 43), these two phenomena can
influence NaCl diffusion.

Salt content also influenced the NaCl diffusion coefficient: a
decrease in salt content from 1.5 to 0.5% led to a 40%decrease in
the NaCl diffusion coefficients (Figure 4b). This result can be
explained by the modification in food structure induced by the
variations in salt content.

With regard to fat content, the NaCl diffusion coefficients
in high-fat model cheeses (370-40-0.5 and 370-40-1.5) were
12 and 17% higher, respectively, than in low-fat model cheeses
(370-20-0.5 and 370-20-1.5) (Figure 4c). It would have been
expected that an increase in fat content slowed theNaCl diffusion
because of the sieving effect of fat globules (14). However, in the
present case, the increase in fat content (dry basis) was correlated
to a decrease in protein content, which seemed to facilitate NaCl
diffusion.

Influence of Model Cheese Composition on Air/Product Parti-

tion and Diffusion Coefficients of Aroma Compounds. The VASK
method led to the determination of both air/product partition and
diffusion coefficients of aroma compounds in the model cheeses
studied. Comparison of the different model cheeses made it

Figure 2. Example of a release curve obtained for diacetyl from the
370-20-1.5 model cheese when consumed by one subject using
in-nose/PTR-MS analysis. P1 corresponds to phase 1, when the product
was in the mouth, and P2 corresponds to phase 2, from the time the
product is swallowed until the measurement ends.

Figure 3. Water/product partition (KNaCl) of NaCl in the model cheeses at
13 �C (product code: dry matter (g/kg)-fat content (%)-salt (%)). Bars
represent 95% confidence intervals.
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possible to study the influence of product composition and
structure on the two physicochemical properties (Figures 5, 6,
and 7).

When the 370-40-0.5 and 440-40-0.5 model cheeses were
compared, dry matter content significantly modified the two
physicochemical properties, regardless of the aroma compound.
An increase in dry matter induced a 30-90% decrease in the air/
product partition coefficient, depending on the aroma compound
(Figure 5a) and a 50-80%decrease in the diffusion coefficient for
heptan-2-one and diacetyl, respectively (Figure 5b). The decrease
in the air/product partition coefficient of the three flavor com-
pounds can be explained by the existence of hydrophobic inter-
actions between proteins and aroma compounds (3). Diacetyl
mainly interacts with sodium caseinate through weak and strong
bonds between carboxyl groups of diacetyl and the terminal
amino groups of proteins (44). The decrease in diffusion coeffi-
cients of diacetyl and heptan-2-one when dry matter content
increased can be explained both by the protein-aroma com-
pound interactions and by a tighter protein network that impedes
the transport of aroma compounds.

With regard to fat content, comparison of 370-20-0.5 and
370-40-0.5 or 370-20-1.5 and 370-40-1.5 model cheeses
showed that regardless of the salt content, an increase in fat
content (dry basis) induced a decrease in both the air/product
partition coefficient (Figure 6a) and the diffusion coefficient
(Figure 6b) of hydrophobic compounds (heptan-2-one and ethyl
hexanoate). This result can be attributed to a retention effect of the
lipid phase, which increases when fat content increases (3, 9, 45).
For diacetyl, which is much more hydrophilic, an increase in fat
content slightly decreased the air/product partition coefficient in
high-salt products and did not influence diffusion coefficients.

Finally, salt content mainly influenced the two properties in-
volved in themobility of ethyl hexanoate.An increase in salt content
led to a 97% increase in the ethyl hexanoate air/product partition
coefficient, probably due to the salting-out effect of sodium chloride
on hydrophobic aroma compounds (Figure 7a). This headspace
enrichment in volatile compounds resulting from salt addition has
already been reported in the literature for aqueous solutions (3) and
for dry-cured meat products (46) for high NaCl concentrations and
seems to be dependent on the physicochemical properties of the

Figure 4. Influence of (a) dry matter content, (b) salt content, and (c) fat content on the diffusion coefficients (DNaCl) of NaCl in the model cheeses at 13 �C
(product code: dry matter (g/kg)-fat content (%)-salt (%)). Bars represent 95% confidence intervals.

Figure 5. Influence of dry matter on (a) air/product partition (Ka/p) and on (b) diffusion coefficients (Dp) of aroma compounds in model cheeses at 13 �C
(product code: dry matter (g/kg)-fat content (%)-salt (%)). The number of asterisks indicates the level of significance: means significantly different at P <
0.05 (/), at P < 0.01 (//), and P < 0.001 (///). NS indicates that the results are not significantly different. Bars represent 95% confidence intervals.
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compounds studied. A 1% increase in sodium chloride content
(from 0.5 to 1.5%) induced a 20% increase in the diffusion
coefficient of ethyl hexanoate in high-fat model cheeses
(Figure 7b). Because the diffusion of solutes is mainly influenced

by structure (47), this increase can be attributed both to the decrease
in model cheese firmness when salt content increases and to the
salting-out effect of NaCl. Salt content did not influence the
diffusion coefficient in low-fat model cheese.

Figure 6. Influence of fat content on (a) air/product partition (Ka/p) andon (b) diffusion coefficients (Dp) of aromacompounds inmodel cheeses at 13 �Cdepending
on NaCl content (product code: dry matter (g/kg)-fat content (%)-salt (%)). The number of asterisks indicates the level of significance: means significantly
different atP < 0.05 (/), atP < 0.01 (//), and P < 0.001 (///). NS indicates that the results are not significantly different. Bars represent 95% confidence intervals.

Figure 7. Influence of salt content on (a) air/product partition (Ka/p) and on (b) diffusion coefficients (Dp) of aroma compounds in model cheeses at 13 �C
depending on fat content (product code: dry matter (g/kg)-fat content (%)-salt (%)). The number of asterisks indicates the level of significance: means
significantly different at P < 0.05 (/), at P < 0.01 (//), and P < 0.001 (///). NS indicates that the results are not significantly different. Bars represent
95% confidence intervals.
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Influence of Model Cheese Composition on Aroma Compound

Release during Eating. As illustrated in Figure 3, the in-nose
aroma release was greatest after swallowing: Imax2 and AUC2
values obtained during the second phase (after swallowing) were
higher than Imax1 and AUC1 values obtained during the first
phase (before swallowing) for all of the aroma compounds and
for all of the subjects. The same observation has already been
mentioned in different studies (23, 48). This phenomenon was
attributed to the opening of the velum-tongue border during
swallowing, allowing the transport of aroma compounds from
the oral cavity to the nasal cavity (18,19). Before swallowing, this
physiological barrier is closed, even if intermittent and partial
openings can occur, depending on the individuals and the
structure and amount of the product. Comparison of the mean
values of AUC before and after the first swallow (phases P1 and
P2) made it possible to study the influence of product composi-
tion on aroma compound release while subjects were eating
model cheeses (Table 3).

When dry matter increased, the release of diacetyl (m/z 87)
increased before the first swallow and the release of heptan-2-one
(m/z 115) increased before and after the first swallow (Table 3).
Before swallowing, a less efficient closure of the velum-tongue
border during chewing of the firmest food products can effec-
tively lead to an increase in aroma release (18). An increase in the
air/product exchange area for the firmest products due to a
modification of the chewing behavior can explain the increase
in aroma release after swallowing.We can, however, observe that
these increases weremuch smaller after swallowing (64% increase
in heptan-2-one release) than before swallowing (170 and 350%
increase for diacetyl and heptan-2-one, respectively).

With regard to fat content, the results in Table 3 show that the
released amounts of heptan-2-one (m/z 115) and ethyl hexanoate
(m/z 145) during the consumption of the high-fat model cheeses
were lower than the ones released during the consumption of the
low-fat model cheeses. On the contrary, when fat content increased,
the release of diacetyl (m/z 87) increased. These variations were
greater after swallowing because only the release of ethyl hexanoate
was significantly modified during the chewing phase (P1).

No significant differences in aroma compound release were
observed during the consumption of model cheeses with different
salt contents.

These results are discussed in relation to physicochemical
properties in the following section.

Food Breakdown Rather thanMobility Explains Flavor Compound

Release. In a first step, the influence of product composition and
structure on flavor compound mobility was studied through
the determination of the air/product partition and diffusion
coefficients. The results showed that interactions between flavor

compounds and model cheese components existed. The three
aroma compounds interacted with proteins, leading to a decrease
in both physicochemical properties involved in their mobility.
Due to their hydrophobic characteristics, heptan-2-one and ethyl
hexanoate are also trapped in the lipid phase. This well-known
interaction induced a decrease in their air/product partition and
diffusion coefficients. On the contrary, these two properties
increased when salt content increased because of a combined
effect of NaCl: a decrease in model cheese firmness and a salting-
out effect. Thus, model cheese composition mainly influenced
aroma compound mobility through physicochemical interac-
tions. Beyond the flavor compound and product properties,
eating is a complex process during whichmany phenomena occur
andmay influence the release of flavor compounds. According to
Buettner and Schieberle (49), flavor release depends on the
temperature in the mouth, the saliva and its pH, and possible
interactions with the mouth mucosa. In our study, two situations
were observed. First, when the fat content increased, the influence
of the interactions between the product and the flavor compounds
on their mobility was great enough to decrease the release of
aroma compounds in the mouthmainly after the first swallow. In
this first case, the differences in mobility contributed to explain
the release of flavor compounds during the consumption ofmodel
cheeses. The second case was observed when dry matter in-
creased. Despite the existence of interactions between proteins
and flavor compounds, their release highly increased during the
chewing phase. This opposition between in vitro and in vivo
measurements has already been observed in studies on custards
(semiliquid product) or gels (solid product) (23, 50). In these
studies, the greatest quantity of aroma compounds was released
when the most viscous or the firmest products were consumed,
whereas static headspace measurements showed the lowest re-
lease. The main assumption explaining these results, including
ours, is based on the difference in experimental conditions
between in vitro and in vivo experiments. When used for the
determination of both properties involved in mobility (in vitro
conditions), products were neither under stirring conditions nor
fragmented.On the contrary, during consumption, products were
stirred, fragmented, heated, diluted, etc. These phenomena lead
to an increase in flavor release. Above all, mastication, which
leads to a fragmentation of the product, increases the surface area
between the product and the air of the nasal cavity available for
mass transfer (51). In vivo studies showed that as the duration,
frequency, and intensity of mastication increased, the higher the
flavor release was (49, 52, 53). In our study, subjects were free to
swallow the product whenever they wanted, and no duration,
strength, or frequency of mastication was imposed to the subject.
Comparison of swallowing times showed that the firmer the

Table 3. Average Values of the Area under the Release Curves before and after the First Swallow (AUC1 and AUC2, Respectively) of Model Cheeses That Vary by
Their Composition with a 5% Significance Determined by ANOVA

ionsa

87 115 145

AUC1 AUC2 AUC1 AUC2 AUC1 AUC2

dry matterb 370 7457 b 32793 ns 1004 b 8370 b 223 ns 1476 ns

440 20338 a 32741 4470 a 13757 a 325 1523

fat (at 0.5% salt)c 20 5877 ns 22411 b 2027 ns 12648 a 488 a 2625 a

40 7457 32793 a 1004 8370 b 223 b 1476 b

salt (at 20% fat)d 0.5 5877 ns 22411 ns 2027 ns 12648 ns 488 ns 2625 ns

1.5 6265 23625 1992 13367 389 2741

a a and b indicate means that significantly differ at p < 0.05 (SNK test), and NS indicates means that do not significantly differ. bBetween 370-40-0.5 and 440-40-0.5.
cBetween 370-40-0.5 and 370-20-0.5. dBetween 370-20-0.5 and 370-20-1.5.
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model cheese was, the longer the subject chewed it before
swallowing (Figure 8). Similar results have already been observed
with products with different textures (23-25, 54). Depending on
their perception of the texture of model cheeses, subjects adapt
their chewing behavior: rigid model cheeses implied the most
extensive chewing and the highest residence time in the mouth,
resulting in the highest release of volatiles (higher AUC values).
Mastication induced food breakdown and thus increased the
surface area available for the transfer of volatiles, which can
contribute to the increase in the release of volatile compounds. In
the present study, we showed that model cheese composition and
structure influenced flavor release in different ways. When fat
content varied, the main mechanism involved in aroma release
was physicochemical andmainly influenced the secondpart of the
release curves, that is, after the first swallow. On the contrary,
whendrymatter varied, inducingwidedifferences inmodel cheese
firmness, the main mechanism in aroma release was mastication,
which explained why it mainly influenced the first part of the
release curve, that is, during the chewing phase.

Role of Solute Mobility and Release in Their Perception. In a
previous study on the same model cheeses, differences in flavor
perception were highlighted (36). First, an increase in fat content
led to a decrease in the perception of the “blue cheese” note in the
mouth. Variations in salt content induced an increase in the
overall odor perception and a decrease in the butter note percep-
tion in mouth. Finally, no differences in flavor perception were
observed when dry matter varied.

The relationship between flavor mobility or release and flavor
perception has been widely observed in the literature (21,22,50).
In the present study, a decrease in heptan-2-one mobility and
release in high-fat model cheese was observed. The increase in the
overall odor perception when salt content increased was expla-
inedby the increase in air/product partition coefficients. Thus, the
present study showed that product composition and structure
influenced aroma compoundmobility and release and, as a result,
flavor perception.

However, some authors found that physicochemical properties
cannot completely explain differences in perception (26-28), and
other mechanisms such as sensory interaction may occur. The in-
nose analysis performed in this study showed no difference in
aroma release when salt content increased, whereas high-salt
model cheeses were perceived as being less intense for the butter
note than low-salt model cheeses. Sensory interactions between
taste and flavor perception could explain the divergence we
observed between perception and physicochemical properties
when salt content increased, as already mentioned in the litera-
ture for savory agents such as salt or sugar (31, 55). In our
study, the sensory interaction could possibly lead to a decrease in
flavor perception. Taste-flavor sensory interactions are taste- or

flavor-dependent, for example, between sugar perception and a
strawberry flavor (2,33). In our study, butter perception could be
inversely related to the salt perception, which could explain the
decrease in the perception of the butter note when salt content
increased.

Texture-flavor interactions could also explain some percep-
tion results; the suppressive effect of texture perception on flavor
perception has been already observed in the literature (27,28,31).
This sensory interaction has been attributed to the fact that the
subject focused on texture perception rather than on flavor
perception (56). When the dry matter of model cheeses increased,
the release of the three flavor compounds increased but no
difference in perceptionswas observed (36). As shown inFigure 8,
the high dry matter model cheese (440-40-0.5) was chewed
longest, implying that the subject was less attentive to flavor
perception, resulting in a lower note.

Salt perception of the model cheeses studied was onlymodified
by their NaCl content. The determination of the water/product
partition coefficient of NaCl showed that interactions between
NaCl and caseins exist. However, model cheese composition did
not influence the water/product partition coefficient of NaCl,
implying that regardless of the composition, the bound quantity
of Naþ remained the same. Rosett et al. (57) observed that the
binding of Naþ to casein induced a decrease in salt perception in
tomato soups. This decrease in perception was attributed to the
fact that the quantity of Naþ bound to casein could not
contribute to salty perception. In the present study, each model
cheese presented the same quantity of bound Naþ, implying that
salt release in themouth during the consumption ofmodel cheeses
was similar. This could explain why dry matter and fat content
did notmodify salt perception. However, it would be necessary to
confirm these similar salt releases during consumption with in-
mouth analysis.

The determination of partition coefficients of NaCl and of
aroma compounds highlighted the existence of interactions
between these solutes and model cheese components. Variations
in composition and structure of the studiedmodel cheeses did not
influence the NaCl water/product partition coefficient, but they
modified NaCl diffusion and aroma compound mobility. Ana-
lysis of the in-nose measurements showed that both physico-
chemical and physiological mechanisms were involved in flavor
release. When fat content increased, physicochemical properties
contributed to flavor release. On the contrary, when composition
considerably influenced model cheese firmness, as in the case
when dry matter content increased, mastication seemed to be the
key parameter in release. Depending on the dominant mechan-
ism, different parts of release curves were influenced. When
physicochemical properties were dominant, flavor release was
mainly modified after the first swallow, whereas when food
breakdown was dominant, flavor release was mainly influenced
during the chewing phase. These differences revealed the advan-
tage of coupling flavor release measurements with sensory
methods such as temporal dominance of sensations (58) rather
than sensory profiling. Perception is in fact a dynamic process
that cannot be transmitted with a static method such as sensory
profiling. Coupling temporal dominance of sensations with in-
nose measurement of flavor release would be of great interest for
proposing solutions for the difficult flavoring step of healthier
products.

ABBREVIATIONS USED

ANOVA, analysis of variance; API-MS, atmospheric pressure
ionization mass spectrometer; AUC1, area under the curve during
phase 1 of the release curve; AUC2, area under the curve during

Figure 8. Relationship between the duration of the chewing phase and the
firmness of the model cheeses (product code: dry matter (g/kg)-fat
content (%)-salt (%)).
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phase 2 of the release curve;DNaCl, diffusion coefficient of NaCl in
model cheeses; DP, diffusion coefficient of aroma compounds in
model cheeses;DM,drymatter (g/kg); F, fat content (%drybasis);
Imax1, maximum intensity of PTR-MS signal during phase 1 of the
release curve; Imax2, maximum intensity of PTR-MS signal during
phase 2 of the release curve;Ka/p, air/product partition coefficient;
KNaCl, water/product partition coefficient of NaCl; KX, water
product partition coefficient of electrolytes X; P1, first phase of
the release curve, i.e., the chewing phase; P2, second phase of the
release curve, i.e., after the first swallow; PTR-MS, proton transfer
reactionmass spectrometer; S, salt content (%, w/w); Seq, signal of
the conductivity probe at equilibrium; SL-NVRK, solid/liquid
nonvolatile release kinetic; SL-PRV, solid/liquid phase ratio varia-
tion; SNK, Student-Newman-Keuls test; S50-60, area under
the last 10 s of the release curve; TPA, texture profile analysis;
VASK, volatile air stripping kinetic.
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