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Abstract 

In vivo aroma release during solid food consumption is a complex phenomenon that depends on food 

structure and composition, as well as on oral processing (combination of mastication and incorporation 

of saliva into the food product). The objective of this study was to understand and to predict the 

physico-chemical properties of aroma compounds through the dynamics of flavor release during in-

mouth oral processing of food before bolus swallowing. Within this context, the evolution of two 

aroma compounds during bolus formation was explored by studying the two main properties that 

account for mass transfer: air/bolus partition and mass transfer coefficients. Four types of industrial 

cheese products (varying in fat and firmness) flavored with ethyl propanoate and 2-nonanone were 

chosen. Each matrix was mixed with various amounts of artificial saliva to mimic boluses at different 

stages of mastication. The air/bolus partition coefficient was determined by the static phase ratio 

variation method (PRV), while the mass transfer coefficient was obtained by non-linear regression 

from dynamic headspace experiments. Results showed that there is a dilution effect on the air/bolus 

partition coefficient and both a dilution and a product effect (firmness) on the mass transfer coefficient 

of ethyl propanoate in the bolus. These results were also validated with 2-nonanone for the low-fat 

cheeses.  
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1 Introduction 

When a solid food product is eaten, oral breakdown processing is required for the formation of a bolus 

ready to be swallowed. For brittle solids, mastication leads to the fragmentation of food into small 

individual particles. For cohesive foods such as cheeses, the chewing action and the mixing with saliva 

soften the material and change its rheological properties (Salles et al., 2011). Recent studies (Prinz & 

Lucas, 1997; Tarrega, Yven, Sémon, & Salles, 2011; van Der Bilt, Engelen, Abbink, & Pereira, 2007; 

Claude Yven, Culioli, & Mioche, 2005) have shown that saliva incorporation into the food bolus was 

an important factor in determining bolus texture and cohesion. More specifically, saliva plays a key 

role in parameters such as the plasticity, the good lubrication and the cohesiveness of the bolus, 

properties which trigger the reflex swallowing event (Woda, Mishellany, & Peyron, 2006). 

Saliva also plays a key role in flavor release during food consumption mainly by means of dilution or 

interaction effects with food ingredients (Buettner, 2002a, 2002b; Poinot, Arvisenet, Grua-Priol, 

Fillonneau, & Prost, 2009). The influence of saliva on aroma release has been widely studied, both 

from in vivo and in vitro systems, with either real (Buettner, 2002a, 2002b; Genovese, Piombino, 

Gambuti, & Moio, 2009; van Ruth & Roozen, 2000) or artificial saliva (Friel & Taylor, 2001; 

Genovese et al., 2009), and on various foods: water model solutions (Buettner, 2002a; Friel & Taylor, 

2001), oil model solutions (van Ruth, Grossmann, Geary, & Delahunty, 2001), vegetables such as 

pepper and beans (van Ruth & Roozen, 2000; van Ruth, Roozen, & Cozijnsen, 1995; van Ruth, 

Roozen, Nahon, Cozijnsen, & Posthumus, 1996), complex foods (Odake, Roozen, & Burger, 1998) 

and wine (Genovese et al., 2009). . However, no general observation can be established because the 

effect of saliva may vary depending on the experimental conditions. It mainly depends on the aroma 

compound (Buettner, 2002a, 2002b), the artificial saliva composition (Friel & Taylor, 2001; Genovese 
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et al., 2009; Odake et al., 1998; van Ruth et al., 2001; van Ruth et al., 1996) and the dilution ratio (van 

Ruth et al., 2001). It also depends on the matrix studied (van Ruth & Roozen, 2000) and the incubation 

time with the flavored food sample (from 1 minute to 3 hours, according to the literature). 

In spite of variations during eating, saliva is mainly composed of water (99.5%), proteins (0.3%) 

including mucins and enzymes, and inorganic substances (0.2%) (van Aken, Vingerhoeds, & de Hoog, 

2007). Different types of artificial saliva composition have been studied in the literature with in vitro 

experiments, and many publications (Genovese et al., 2009; Odake et al., 1998; van Ruth et al., 2001; 

van Ruth et al., 1996) refer to the composition proposed by van Ruth et al. (van Ruth et al., 1995). The 

effect of the type of mucin, and of the presence of salt on flavor release from sucrose solutions, have 

been investigated (Friel & Taylor, 2001).. The authors found that the cheapest and most commonly 

used mucin (from pig stomach) was a suitable substitute for in vitro studies in terms of the effect on 

volatile release. Moreover, salivary salts seemed to cause a modification of the interactions between 

the aroma compound and the mucin by changing its conformational state. The importance of adding 

salts to artificial saliva was also highlighted by van Ruth et al. (van Ruth et al., 2001), who found that 

saliva cannot be replaced by water without altering phase equilibriums (for water and oil model 

systems).  

Concerning the impact of saliva/product ratio on flavor release, results found in the literature are 

dependent on the type of food studied. For very low-fat foods such as vegetables, saliva acted like 

water and very weakly affected the air/product partition coefficients (van Ruth et al., 1996). For 

emulsion systems, on the contrary, an effect of saliva dilution was found as a result of the different 

solubilities and affinities of the compounds for the oil and the saliva phases (van Ruth et al., 2001). 

The authors also concurred on the greater importance of the saliva/product ratio with regard to saliva 

composition.  

Only a few studies have investigated the combined effect of mastication and of saliva on the release of 

aroma compounds from semi-solid or solid foods (Odake et al., 1998; Poinot et al., 2009; van Ruth & 

Roozen, 2000; van Ruth et al., 1995). Model mouth systems that mimic mastication were created to 
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study flavor release from red bell peppers (van Ruth & Roozen, 2000; van Ruth et al., 1995). Results 

from mentioned studies show that that during intra-oral processing, mastication and salivary volume 

increase affect aroma release in opposite ways, making  it difficult to predict in vivo aroma release for 

solid foods. 

So far, the development of artificial mouths and chewing machines, as well as the knowledge of the 

fundamental physics of mass transfer have provided useful data to help in the understanding of the 

interactions between flavor compounds and other components of the food. However, the prediction of 

the behavior of flavor compounds in food systems remains limited (Piggott, 2000). 

Many mathematical models have been developed to help us increase our understanding of flavor 

release during food consumption. When considering a liquid or semi-liquid food, a change in 

composition of the bolus and a decrease in viscosity have to be considered due to the dilution effect. 

Recent models have succeeded in modeling flavor release from these liquid boluses, including 

physiological parameters such as breathing, swallowing and salivary flow rates (Doyennette, de 

Loubens, Déléris, Souchon, & Tréléa, 2011; Normand, Avison, & Parker, 2004; Tréléa et al., 2008). 

However, when considering a solid matrix, modeling requires detailed knowledge of the mastication 

process and product fragmentation, which is difficult to obtain experimentally. Existing mechanistic 

models for solid foods have focused on chewing gums or candies. De Roos and Wolswinkel (de Roos 

& Wolswinkel, 1994) developed a model to study the release of aroma compound from a chewing 

gum. The mastication process was considered as a series of successive extractions of the gum phase 

and computed to optimize the chewing gum flavoring. However, this model was limited by the fact 

that the mastication process for a chewing gum is not representative of the one applied for other solid 

foods and by the fact that the model does not take individual variations such as salivary flow rates and 

respiratory frequencies into account. Other authors (Hills & Harrison, 1995; Wright & Hills, 2003) 

attempted to build more complex models with candies. To mimic brittle food consumption, they 

included mastication patterns based on power law or on probabilistic model, respectively, but their 

approaches are not comparable to real in vivo mastication data. Moreover, their models did not take 
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simultaneous fragmentation and dissolution of the product into saliva into account. The changing 

composition of the bolus over time is a critical phenomenon that leads to changes in physico-chemical 

properties of aroma compounds and therefore affects their release during the gaseous phase. 

Understanding the evolution dynamics of those physico-chemical properties during the mixing of the 

product with saliva is thus of great importance for building more robust models to predict flavor 

release. 

Within this context, the present study aims at exploring the evolution of the air/bolus partition 

coefficient and of the mass transfer coefficient for two aroma compounds during bolus formation to 

better understand phenomena involved in flavor release during food consumption. A combined 

experimental and modeling approach was applied in this work.  

 

2 Materials and methods 

2.1 Cheeses 

Four industrial cheese products (melt-cheese technology) with different compositions and textures 

(two fat levels and two firmness levels) were designed for this study. Textural properties were 

characterized by the critical strain and the stress at breakdown as described by Yven et al. (C. Yven et 

al., 2010). Those rheological parameters were extracted from trials performed at 20°C with a rotational 

viscosimeter Thermofisher – VT550 equipped with a vane geometry FL1000. Data related to cheese 

characteristics are summarized in Table 1. High-fat cheeses presented lower critical strain at 

breakdown than low-fat cheeses; and firm cheeses presented a high breakdown stress. 

 

2.2 Aroma compounds  

Ethyl propanoate and 2-nonanone (Aldrich, Germany) were used and chosen for their difference in 

physico-chemical properties, particularly in terms of volatility (air/water partition coefficient) and 



6 

 

hydrophobicity (log P) (see Table 2). They are also commonly used in food flavoring, or naturally 

present, especially in cheeses (Wolf, Perotti, Bernal, & Zalazar, 2010). Cheeses were flavored with 

25.0 ± 5.0 ppm (w/w) of ethyl propanoate and 6.3 ± 1.5 ppm (w/w) of 2-nonanone. The final 

concentration of aroma compounds within products was controlled during and after product 

manufacturing by gas chromatography after an extraction step (Likens Nickerson method). 

 

2.3 Artificial saliva composition 

Our experimental design did not allow us to use real saliva for in vitro measurements due to the 

difficulty to collect and manipulate real saliva without altering its composition or its properties 

(necessity to interrupt enzymatic reactions after specific times, use of chemical/thermal treatment to 

limit microbiological developments, etc.). Artificial saliva was therefore used for this study. Our 

principal concern was to select the main ingredients present in real saliva that could have an impact on 

flavor release and to maintain proportions between constituents that were close to those of real saliva. 

The artificial saliva used consisted of three components: water, mucin (for its effect on saliva viscosity 

and its possible interaction with aroma compounds (van Ruth et al., 2001)) and salt (for its effect on 

the conformational state of mucin (Friel & Taylor, 2001)). Only NaCl was selected for the sake of 

simplicity, but the global conductivity of our artificial saliva was corrected to be equal to that of real 

saliva (Drago et al., 2011). The composition of the artificial saliva was: 0.185 g of NaCl (GRP 

RECTAPUR, VWR INTERNATIONAL), 0.216 g of mucin (from porcine stomach type II, SIGMA-

ALDRICH) and 99.599 g of water (Milli Q). The solution was stirred for 30 minutes at ambient 

temperature to allow complete dissolution of mucin, and pH was adjusted to 7 with 35% NaOH 

(VWR, PROLABO). The artificial saliva was prepared every day and stored at 4°C in-between 

experimental use. 

 

2.4 Model bolus formation protocol 
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The evolution of the bolus was investigated by changing the saliva/cheese ratio. Five ratios were 

chosen in order to cover the range of dilutions that occur when food is consumed: 100% of product, 

10% of saliva + 90% of product (dilution close to the one at the beginning of consumption), 50% of 

saliva + 50% of product (intermediate dilution, close to in vivo composition of cheese bolus found in 

previous studies (Drago et al., 2011)), 90% of saliva + 10% of product (dilution close to the one in the 

pharynx), and 100% of saliva (for that ratio, saliva was flavored with a mixture of propylene glycol, 

ethyl propanoate and 2-nonanone in order to have 25 ppm (w/w) of each aroma compound in the 

flavored saliva). 

A quantity of 70 g of bolus (product + saliva) was prepared for each ratio, and the required amount of 

cheese was determined each time. Pieces of cheeses were cut with a cylindrical punch (diameter: 24 

mm) and adjusted to a 6-g weight each. They were then placed in a bowl for 30 minutes to allow 

temperature equilibrium with room temperature. Depending on the saliva/cheese ratio targeted, the 

required quantity of saliva was added. In order to simulate chewing, the pieces of cheese were mashed 

in saliva with a "sawtooth" pestle for a specific length of time. Tarrega et al. (Tarrega, Yven, Semon, 

& Salles, 2008) showed that hard and low-fat cheeses required longer chewing time to be eaten than 

soft and high-fat cheeses. Based on critical strain at breakdown (related to the fat level of the cheese) 

and on eating times observed on similar food products (de Loubens et al., 2011), specific chewing 

times were chosen as follows:  30 seconds/piece for a low-fat cheese, and  15 seconds/piece for a high-

fat cheese. 

 

2.5 Determination of the air/bolus partition coefficients of aroma compounds 

The air/bolus partition coefficient of aroma compound KAB was measured with the Phase Ratio 

Variation (PRV) method using headspace gas chromatography (Ettre, Welter, & Kolb, 1993). A 

known amount of bolus (50 mg, 200 mg, 500 mg or 2000 mg) was placed in vials (22.4 cm3, 

Chromacol, France) and incubated at 35°C for 2.5 hours. This length of time was selected after some 

preliminary experiments (measurements every 30 minutes from 0 to 5 hours) to ensure the 
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establishment of the thermodynamic equilibrium. The temperature was selected to be close to in-

mouth conditions. 

After this equilibration time, 2 cm3 of the headspace above the bolus was sampled and injected with an 

automatic HS CombiPal sampler (CTC Analytics, Switzerland) into a gas chromatograph HP (GC-FID 

HP6890, Germany) equipped with an HP-INNOWax polyethylene glycol semi-capillary column (30 m 

x 0.53 mm, with a 1 µm-thick film) (J&W Scientific) and a flame ionization detector. The 

temperatures of the gas chromatograph injector and detector (GC-FID HP6890, Germany) were both 

set at 250°C. The oven program was 12 min long, starting at 40°C for 5°C/min up to 60°C, then for 

10°C/min up to 120°C, and 2 min at 120°C. The carrier gas was helium (flow rate: 8.4 cm3/min, 

corresponding to a 57 cm/s average velocity at 50°C). Peak areas were measured using Hewlett-

Packard Chemstation integration software. A non-linear regression was performed on the data set as 

described in Atlan et al. (Atlan, Trelea, Saint-Eve, Souchon, & Latrille, 2006) using MatLab®. Three 

replicates were performed for each bolus tested. 

 

2.6 Determination of mass transfer coefficients of aroma compounds in the 

bolus 

The determination of the mass transfer coefficients in the bolus kB was done by fitting a release model 

to experimental data. As previously done by Marin et al. (Marin, Baek, & Taylor, 1999) or Lauverjat 

et al. (Lauverjat, de Loubens, Déléris, Tréléa, & Souchon, 2009), the mechanistic model used here 

describes the main mass transfer phenomena occurring in the flask, and leads to a set of differential 

equations. The main assumptions were local thermodynamic equilibrium at the interface, mass flux 

conservation through the interfaces at all times and mass balances for each phase. Appendix A 

provides details about the system of equations. 

Five grams of bolus were poured into 134.8-cm3 vials (three replicates/bolus). The samples were left 

for 2.5 h at 35°C to let the thermodynamic equilibrium establish itself. The headspace was then 
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stripped by a gaseous flow at a controlled rate of 1.45 cm3/s (Brooks Digital Mass Flow Meter, Brooks 

Instrument 5860s). The evolution of headspace concentration over time was measured with a Proton 

Transfer Reaction Mass Spectrometer (PTR-MS, Ionicon, Innsbruck, Austria) for 40 minutes. The 

experiment time had to be longer than four times the characteristic time of the headspace stripping 

V/Q, where V is the volume of the headspace and Q the stripping airflow rate, to be sure that 

headspace concentration was mainly due to the transfer from the product to the air. 

The PTR-MS inlet was connected to samples via a 1/16" PEEK tube maintained at 60°C. The PTR-

MS instrument drift tube was thermally controlled (Tdrift = 60°C) and operated at Pdrift = 200 Pa with 

a voltage set of Udrift = 600 V. Measurements were performed with the multiple ion detection mode 

on specific masses/charge with a dwell time of 50 ms per mass/charge. Ethyl propanoate was 

monitored on m/z 103 (protonated molecular ion) and 2-nonanone on m/z 143 from preliminary 

fragmentation experiments. In addition, masses/charge m/z 21 (signal for H3
18O+) and m/z 37 (signal 

for water clusters H2O- H3O+) were monitored with a dwell time of 100 ms to check the instrument 

performances and cluster ion formation.  

Intensity of ion m/z 21 was (3.81±0.71) x 104 cps, and the variation of the ratio of intensities m/z 21 

and m/z 37 were lower than 5% and 6%, respectively. These differences were considered sufficiently 

small to ensure accurate PTR-MS measurements. Two to five replicates were performed for each bolus 

tested. Signal intensities were normalized as follows before the fitting step with MatLab® software, as 

previously done by Sinah et al. (Sinha, Custer, Kluepfel, & Williams, 2009):  

Inorm = Isignal x 106 x 2 x Tdrift / [(I21+I37) x Pdrift x 298.15] 

with Tdrift in °C and P drift in Pa.  

Fitting the release model to experimental data allowed the determination of the mass transfer 

coefficients of the aroma compound in the boluses. 
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2.7 Statistical analysis 

Statistical tests were performed on the data set. A normality test (performed with the univariate 

procedure using SAS/Stat® software) showed that the data were not normally distributed. Kruskal-

Wallis tests were therefore performed (nonparametric test for independent samples). A utility tool for 

Excel available at www.Anastats.fr and developed by P. Georgina & M. Gouet was used (Georgina & 

Gouet, 2000). Rankings of samples were then obtained by the non-parametric test of multiple 

comparisons (Dunn method, level of significance set at 5%) (Dunn, 1964). For the correlation test, the 

Spearman test was performed, with a level of significance set at 5% (a utility tool for Excel also 

available at www.Anastats.fr and developed by P. Georgina & M. Gouet was used (Georgina & Gouet, 

2000)). 

 

3 Results and discussion 

The evolution of the air/bolus partition coefficient and of the mass transfer coefficient of aroma 

compounds with saliva dilution and product composition is presented in this section. The experimental 

approach was first conducted on ethyl propanoate and validated on 2-nonanone, each of which 

presents different physico-chemical properties. 

3.1 Air/bolus partition coefficients for ethyl propanoate 

The air/bolus partition coefficients determined for ethyl propanoate are presented in Fig. 1. Air/bolus 

partition coefficients ranged between 0.55 x 10-2 (case of the cheese Fh diluted to 50%) and 2.82 x 10-2 

(case of flavored saliva). The values for flavored saliva were on the same order of magnitude as the 

ones available in the literature for similar aroma compounds (ethyl acetate and ethyl butanoate), even 

if the temperatures studied (from 25°C to 37°C), the methods used (PRV or static headspace analysis) 

and the type of solutions (water, water+salts or water+salts+proteins) were different (Atlan et al., 

2006; Savary, Guichard, Doublier, & Cayot, 2006; van Ruth et al., 2001). 
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Results highlighted that boluses made from the Fh cheese were slightly different than those from the 

other cheese boluses (the values of the air/bolus partition coefficient for this cheese were consistently 

lower than for the other cheeses). However, we distinguished a general trend for all of the cheeses: the 

air/bolus partition coefficient decreases with the decrease of the cheese/saliva ratio ( the greater the 

amount of saliva incorporated into the bolus, the higher the air/bolus partition coefficient). Various 

hypotheses can be proposed to explain this general trend. In the case of pure cheese, there are physico-

chemical interactions between cheese components and ethyl propanoate, as well as a structural effect, 

resulting in higher retention of this aroma compound (air/bolus partition coefficients of 0.91 x 10-2 on 

average for pure cheese vs. 2.82 x 10-2 for flavored saliva). These results are in agreement with the 

work of (van Ruth et al., 2001), who observed that high molecular and hydrophobic aroma compounds 

such as ethyl acetate and ethyl butyrate had highest retention in oil than in water or in saliva. Those 

findings comfort that saliva dilution plays an important role in aroma release 

 With the addition of saliva, we can assume that: (a) there are fewer component/volatile molecule 

interactions; (b) the fat is more diluted in the global bolus, both of these phenomena leading to a 

greater release of ethyl propanoate or (c) mucin/volatile molecule interactions, as already observed in 

literature (Genovese et al., 2009; van Ruth & Roozen, 2000; van Ruth et al., 1996). This last 

hypothesis suggests that the release of aroma compound decreases with addition of artificial saliva. 

However, this was not observed in our study, which means that mucin/volatile molecule interactions 

are probably minor compare to phenomena (a) and (b). This is reinforced by the study of (Poinot et al., 

2009), who did not observe a mucin effect by mixing artificial saliva with bread in their model mouth. 

They hypothesized that it was probably because of the complexity of the food system. In addition, 

these mucin/volatile interactions might be counteracted by mechanical forces, similarly to what is 

observed by (van Ruth et al., 1995) in some of their mouth model systems.  

The dilution effect of saliva on air/bolus partition coefficient for ethyl propanoate was statistically 

tested for each cheese. Two separate groups could be identified: cheeses FFl, Sl and Sh vs. cheese Fh 

(firm with high fat content). Results are presented in Table 3. 
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For cheeses FFl (very firm and low fat content), Sl (soft and low fat content) and Sh (soft and high fat 

content), the greater the dilution, the greater the air/bolus partition coefficient. Two distinct groups are 

formed: boluses rich in saliva (pure saliva and dilution 90s-10p) are statistically different from poorly 

diluted boluses (dilution 10s-90p and pure product). Air/bolus partition coefficients vary up to a factor 

3 between poorly and highly diluted boluses; 

For cheese Fh (firm with high fat content), the trend is less clear: globally, boluses rich in saliva (pure 

saliva and dilution 90s-10p) are different from intermediate and poorly diluted boluses. However, only 

the value of the air/bolus partition coefficient for dilution 50s-50p is significantly different from that 

of flavored saliva. The mechanical properties of this cheese (low critical strain at breakdown and high 

breakdown stress, table 1) could account for this specific behavior. 

During eating, the dynamics of oral processing of a food lead to an increase in the dilution rate of the 

food bolus by saliva in mouth. The following equations were established to describe the evolution of 

the air/bolus partition coefficient KAB for ethyl propanoate as a function of the cheese/saliva ratio rcs. 

To do this, non-linear regressions were performed on experimental data for each group: 

• KAB = 2.18 x 10-2 x rcs
2 - 3.82 x 10-2x rcs + 2.63 x 10-2 (R² = 0.95) for cheeses FFl, Sl and Sh 

• KAB = 2.73 x 10-3 x rcs
2  - 2.15 x 10-2 x rcs + 4.72 x 10-2 (R² = 0.98) for the cheese Fh 

with rcs = 0 for the flavored saliva and rcs = 1 for the pure cheese. 

These equations are useful tools for predicting the volatility of aroma compounds during in-mouth 

processing but require many experimental data to be established. For predicting these values with less 

experimentation, we propose to adapt Buttery's equation from Buttery et al. (Buttery, Guadagni, & 

Ling, 1973). The author proposed a simple calculation method for describing the overall distribution 

of volatile molecules between air and an emulsion phase, regardless of fat content, knowing only the 

partition properties of each biphasic system, between fat and air and between water and air. This 

equation is based on mass balance at thermodynamic equilibrium and on the assumption that the 

interface between the phases does not affect the value of the partition coefficient in a multiphase 
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system. This hypothesis means that the structure effect of the emulsion is negligible in comparison to 

the composition effect (fat and water content), and can be written as follows (see Equation 1): 

KAE = 1/(FW/KAW + FO/KAO)    (1) 

where KAE is the partition coefficient between the air and the emulsion, KAW and KAO are the partition 

coefficients between the air and the water phase and the air and the oil phase, respectively, and FW and 

FO are the volume fractions of the water phase and oil phase, respectively, in emulsion. Validation of 

experimental results have been frequently performed with this equation on emulsion studies (Déléris, 

Zouid, Souchon, & Tréléa, 2009; Guyot et al., 1996; van Ruth et al., 2001). To predict the impact of 

cheese bolus structure on the air/bolus partition coefficient, we propose using an adapted Buttery 

equation by replacing the emulsion phase with a multiphase matrix (i.e., our boluses made of a product 

phase and of a saliva phase). Knowing the physico-chemical properties of each phase, we can then 

calculate the partition coefficient between the air and the mixtures (boluses) with the following 

equation: 

KAB = 1/(FS/KAS + FC/KAC)    (2) 

where KAB is the partition coefficient between the air and the bolus, KAS and KAC are the partition 

coefficients between the air and the saliva and air and the cheese, respectively, and FS and FC are the 

volume fraction of saliva and cheese in the bolus.  

We used experimental values of coefficients KAS and KAC for ethyl propanoate to calculate the 

theoretical air/bolus partition coefficient for each bolus dilution.  

Figure 2 compares experimental and predicted values for air/bolus partition coefficients for ethyl 

propanoate using the adapted Buttery equation (all cheeses and all boluses). It shows a strong 

correlation between our experimental values and the ones predicted using Buttery’s equation 

(correlation coefficient of 0.86, statistically significant at the 5% level according to the Spearman test) 

for all bolus dilutions and all cheeses. This good overall correlation validates the hypothesis that the 

partition of ethyl propanoate is determined more by the composition than the structure of the cheese 
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product. However, in the specific case of cheese Fh, it seems that there is a structure effect that might 

not be negligible in partition behavior (correlation coefficient of 0.94 without cheese Fh). 

 

3.2 Mass transfer coefficients of ethyl propanoate in the bolus  

Results of mass transfer coefficients of ethyl propanoate in the bolus are presented in Figs. 3 and 4. 

Mass transfer coefficients of ethyl propanoate in the bolus (kB) ranged from 1.84 x 10-7m/s (cheese Fh 

with a 50% dilution) to 2.44 x 10-6m/s (pure cheese Fh). 

No common trend for dilution effect can be distinguished for all of the cheeses. However, two groups 

with similar behavior could be observed in terms of the firmness level of the cheeses. We therefore 

performed Kruskal-Wallis tests on each of these groups: cheeses FFl and Fh vs. cheeses Sl and Sh. 

Rankings are presented in Table 4.  

We observed that there was a significant effect of dilution rate for each group at the 5% level. Firm 

matrices (FFl and Fh) have a parabolic shape evolution of their mass transfer coefficient with the 

addition of saliva in the bolus, with a minimum for the 50% dilution by saliva (see Fig. 3). 

 Soft matrices (Sl and Sh) kinetics have three groups of products (see Fig. 4):  (i) intermediate or poor 

in saliva boluses (pure product, 10% or 50% dilution) have similar and low values of mass transfer 

coefficient, (ii) highly diluted boluses (90s-10p) have an intermediate value, (iii) pure saliva has the 

highest mass transfer coefficient value. 

The following equations were established to describe the evolution of the mass transfer coefficient (kB) 

of ethyl propanoate in the bolus as a function of the cheese/saliva ratio rcs. To do this, non-linear 

regressions were performed on experimental data for each group based on textural properties: 

• kB = 7.85 x 10-6 x rcs² -7.71 x 10-6 x rcs + 2.05 x 10-6 (R² = 0.83) for the firm cheeses (FFl and Fh) 

• kB = 3.19 x 10-6 x rcs ²- 4.42 x 10-6 x rcs +1.77 x 10-6 (R² = 0.85) for the soft cheeses (Sl and Sh)  
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where rcs = 0 for the flavored saliva and rcs =1 for the pure cheese. 

The difference in the evolution of the mass transfer coefficient of ethyl propanoate in the bolus 

according to cheese firmness could be explained by the two following assumptions.  

 First, during the formation of the bolus with hard cheeses, a heterogeneous mixture made of small 

pieces of cheese bathed in saliva is formed. In that case: (i) for pure cheese boluses, we assumed that 

the fracturing of flavored watery pockets present in the matrix could promote a rapid transition of 

ethyl propanoate to the air phase;(ii) for highly diluted boluses (90s-10p), we hypothesized that the 

small pieces of cheese in the bolus are exhausted in aroma compounds (the measurement of the mass 

transfer coefficient is therefore similar to the one in flavored saliva);(iii) for intermediate dilutions 

(50s-50p and 10s-90p), we can assume that a combination of many factors that must be identified have 

to be considered, explaining a moderate transfer of ethyl propanoate to the air phase.  

 Second, during the formation of the bolus with soft cheeses, a homogeneous mixture is formed. In this 

case, the more the food boluses are diluted, the less viscous they are, and the quicker the transfer of 

ethyl propanoate into the air phase is. Those hypotheses remain speculative and need further 

confirmation. For example, evaluation of the cheese and food bolus microstructure could be 

performed, similarly to the work of (Cunha, Dias, & Viotto, 2010) or (Calligaris, Pieve, Arrighetti, & 

Barba, 2010). 

The different results show that there is a dilution effect on the air/bolus partition coefficient and both a 

dilution and a product effect (firmness) on the mass transfer coefficient in the bolus for ethyl 

propanoate. The physico-chemical properties of the aroma compound depending on the bolus state 

therefore seem to be important for flavor release. Validation of these results was performed with 2-

nonanone, which is less volatile and more hydrophobic than ethyl propanoate. 

 

3.3 Validation with 2-nonanone 
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For 2-nonanone, the air/bolus partition coefficient was measured for the saliva and the pure product 

and Buttery's equation was used to obtain the intermediate air/bolus partition coefficients. 

Results are presented in Table 5. The air/saliva partition properties of 2-nonanone were on the same 

order of magnitude as the ones available in the literature for similar aroma compounds (2-octanone 

and 2-decanone), even if the determination method used (static headspace analysis) or the type of 

solution (water, water+salts or water+salts+proteins) were different (van Ruth et al., 2001). 

The mass transfer coefficients of 2-nonanone into the bolus were then determined with the same 

dynamic headspace method as described previously. Due to the high level of fat and the low flavoring 

of cheeses, experiments were at the limit of the method and of the detection of the PTR-MS apparatus. 

Therefore, only the low-fat cheeses (FFl and Sl) gave usable results. Nevertheless, the trends observed 

for ethyl propanoate were confirmed (Figs. 5 and 6). The evolution of the mass transfer coefficient of 

2-nonanone with the saliva/cheese ratio for the firm cheese FFl showed a parabolic shape.  Three 

groups were obtained from the evolution of the mass transfer coefficient of 2-nonanone with the 

saliva/cheese ratio for the firm cheese Sl. 

This step allowed us to validate the experimental and modeling approach on a more hydrophobic 

aroma compound than ethyl propanoate. Though, additional measurements with cheeses of 

intermediate texture and composition or with other aroma compounds could help to confirm those 

results and to gain insight on the mechanisms that explain the different behaviors observed in this 

study. 

 

5 Conclusions 

This study investigated the evolution of physico-chemical properties of boluses made of cheese and 

saliva at different stages of oral processing. It was observed that regardless of the cheese considered, 

the air/bolus partition coefficients for ethyl propanoate increase with the amount of saliva 
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incorporated. For the mass transfer coefficients of ethyl propanoate within the bolus, two different 

trends were observed, depending on the level of firmness of cheeses. 

These results have been validated with a less volatile and more hydrophobic aroma compound (2-

nonanone) on low-fat cheeses.  

These findings show that mastication and mixing with saliva changes the physico-chemical properties 

of aroma compounds in food boluses. Those properties are key parameters for determining flavor 

release during food consumption. As a consequence, their evolution during food consumption strongly 

affects aroma release. 

Therefore, in terms of mechanistic modeling of flavor release during consumption of a solid food, 

those parameters have to be integrated into physical equations to give reliable predictions. Empirical 

regressions depending on saliva dilution were performed in this study to predict the physico-chemical 

properties of the aroma compound during bolus formation. 

For the investigation of other complex foods and aroma compounds, the present experimental design 

could be difficult to perform. In that case, we would recommend using the adapted Buttery equation, 

which led to good predictions of air/bolus partition coefficients during the dynamic formation of the 

bolus. Considerable time can by saved by using this simple equation. 

For the evolution of the mass transfer coefficient in the bolus with saliva dilution, we found that the 

structure of the products plays a key role. The trends observed for our specific foods and aroma 

compounds could not be easily predictable. Therefore, this type of determination is of great 

importance for the modeling approach and should be performed for each type of food investigated.  

This study allowed us to better understand and predict the dynamics of the evolution of aroma 

compound transfer properties in solid food products during simulated oral processing. These results 

are useful tools that can be integrated into mechanistic models for in vivo flavor release prediction 

during the eating of solid foods. 
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Figures 

 

 

Figure 1. Mean air/bolus partition coefficients and associated standard deviation (KAB) of ethyl 

propanoate at 35°C as a function of the saliva content of the bolus determined by the PRV method. 

Values are expressed as dimensionless ratio of mass concentrations. 
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Figure 2. Comparison of mean experimental and predicted values for the air/bolus partition coefficient 

(KAB) for ethyl propanoate at 35°C using Buttery’s equation (all cheeses).  
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Figure 3. Mean mass transfer coefficient and associated standard deviation of ethyl propanoate in the 

bolus (kB) at 35°C as a function of saliva dilution: case of firm cheeses FFl and Fh. 
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Figure 4. Mean mass transfer coefficient and associated standard deviation of ethyl propanoate in the 

bolus (kB) at 35°C as a function of saliva dilution: case of soft cheeses Sl and Sh. 
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Figure 5. Mean mass transfer coefficient and associated standard deviation of 2-nonanone in the bolus 

(kB) at 35°C as a function of saliva dilution: case of cheese FFl. For pure saliva, 5 replicates were 

performed, for dilution 50s-50p, 2 replicates were performed, for dilutions 90s-10p, 10s-90p and pure 

cheese, 3 replicates were performed. 
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Figure 6. Mean mass transfer coefficient and associated standard deviation of 2-nonanone in the bolus 

(kB) at 35°C as a function of saliva dilution: case of cheese Sl. For pure saliva, 5 replicates were 

performed, for dilution 90s-10p, 2 replicates were performed, for dilutions 10s-90p, 50s-50p and pure 

cheese, 3 replicates were performed. 
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Tables 

Table 1. Sample characteristics of the four types of cheese products 
 
Code Description Dry 

matter 
content 
(%) 

Fat 
content 
(% per 
dry 
matter) 

Protein 
content 
(%) 

pH Breakdown 
stress (kPa) 

Critical 
strain at 
breakdown 
(rad) 

FFl Very firm, 
low-fat 

48.00 ± 
1.00 

25.00 ± 
1.00 

27.90 ± 
0.50 

5.55 ± 
0.04 

15.25 ± 1.23 0.836 ± 
0.048 

Sl Soft, low-fat 40.5 ± 
1.00 

25.00 ± 
1.00 

23.3 ± 
0.50 

5.48 ± 
0.28 

4.34 ± 0.47 0.814 ± 
0.076 

Fh Firm, high-fat 48.03 ± 
0.94 

48.55 ± 
1.54 

19.48 ± 
0.32 

5.27 ± 
0.01 

15.56 ± 2.31 0.348 ± 
0.061 

Sh Soft, high-fat 35.45 ± 
0.17 

48.31 ± 
0.50 

14.06 ± 
0.07 

5.35 ± 
0.02 

8.02 ± 1.31 0.273 ± 
0.022 
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Table 2. Physico-chemical properties of the aroma compounds 

 Ethyl propanoate 2-nonanone 

Chemical formula C5 H10 O2 C9 H18O 
Chemical class ester ketone 
CAS number 105-37-3 821-55-6 
Molar mass 102.13 g/mol  142.24 g/mol 
LogP 1.21 2.90 
Air/water partition 
Coefficient x103 (25°C)† 9.13 1.29 

Density 0.892 g/cm3  0.816 g/cm3 
Typical odor Fruity Blue, Roquefort 

 

†calculated value (EPI, 2000, Estimation Programs Interface V3,10: database). 
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Table 3. Ranking of mean air/bolus partition coefficients for ethyl propanoate at 35°C according to the 
dilution rate by saliva in the bolus (Dunn method, level of significance set at 5%). Sub-table a: cheeses 
FFl, Sl & Sh; sub-table b: cheese Fh. Two groups with no common letters are statistically different at a 
5% level. 
a. 

Cheeses FFl, Sl & Sh 
group mean KAB

† dilution 
A 2.82 x 10-2 pure saliva 
A 2.18 x 10-2 90s-10p 
AB 1.27 x 10-2 50s-50p 
B 1.00 x 10-2 10s-90p 
B 0.96 x 10-2 pure cheese 

 
b. 

Cheese Fh 
group mean KAB

† dilution 
A 2.82 x 10-2 pure saliva 
AB 1.62 x 10-2 90s-10p 
AB 0.76 x 10-2 pure cheese 
AB 0.62 x 10-2 10s-90p 
B 0.55 x 10-2 50s-50p 

 
N.B.: Each letter corresponds to a group. Two groups with no common letters are statistically different 
at a 5% level. 
† For all cheeses and all dilutions, 3 replicates were performed. 
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Table 4. Ranking of mean mass transfer coefficients of ethyl propanaote in the bolus kB at 35°C 
according to the dilution rate by saliva (Dunn method, level of significance set at 5%). Sub-table a: 
firm cheeses (FFl and Fh); sub-table b: soft cheeses (Sl and Sh). Two groups with no common letters 
are statistically different at a 5% level. 
a. 

Firm cheeses 
group mean kB (m/s)† dilution 
A 2.35 x 10-6 pure cheese 
A 2.22 x 10-6 pure saliva 
AB 1.25 x 10-6 10s-90p 
AB 1.22 x 10-6 90s-10p 
B 0.27 x 10-6 50s-50p 

 
 
b. 

Soft cheeses 
group mean kB (m/s)† dilution 
A 2.22 x 10-6 pure saliva 
AB 1.04 x 10-6 90s-10p 
BC 0.48 x 10-6 pure cheese 
BC 0.45 x 10-6 50s-50p 
C 0.41 x 10-6 10s-90p 

 
N.B.: Each letter corresponds to a group. Two groups with no common letters are statistically different 
at a 5% level. 
† For all cheeses and all dilutions, 3 replicates were performed. 
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Table 5. Experimental and calculated air/bolus partition coefficients for 2-nonanone at 35°C according 
to the dilution rate by saliva  

Cheese Dilution Mean KAB
† Method 

Saliva pure saliva 45.68 x 10-3 PRV 
 90s-10p 11.46 x 10-3 From adapted Buttery 

equation 
FFl 50s-50p 2.87 x 10-3 From adapted From 

adapted Buttery 
equation 

 10s-90p 1.64 x 10-3 From adapted Buttery 
equation 

 pure cheese 1.32 x 10-3 PRV 
 90s-10p 10.78 x 10-3 From adapted Buttery 

equation 
Sl 50s-50p 2.66 x 10-3 From adapted Buttery 

equation 
 10s-90p 1.52 x 10-3 From adapted Buttery 

equation 
 pure cheese 1.32 x 10-3 PRV 
 90s-10p 17.04 x 10-3 From adapted Buttery 

equation 
Fh 50s-50p 4.86 x 10-3 From adapted Buttery 

equation 
 10s-90p 2.83 x10-3 From adapted Buttery 

equation 
 pure cheese 2.23 x 10-3 PRV 
 90s-10p 10.32 x 10-3 From adapted Buttery 

equation 
Sh 50s-50p 2.52 x 10-3 From adapted Buttery 

equation 
 10s-90p 1.44 x 10-3 From adapted Buttery 

equation 
 pure cheese 1.25 x 10-3 PRV 

 
† For pure cheeses and pure saliva, 3 replicates were performed. 



35 

 

APPENDIX A 

Model for the determination of the Mass Transfer Coefficient 

In the Volatile Air Stripping Kinetic (VASK) method (Lauverjat et al., 2009), the product containing 

the volatile compound is equilibrated with the headspace air in a closed flask. At time t=0, the 

headspace is stripped with a constant airflow, and the volatile compound concentration in the outlet air 

is continuously measured by PTR-MS. The volatile concentrations in the product and in the headspace 

are given by:  

)(
AB

A
BB

B
B K

CCkA
dt

dCV −××−=×
     (A.1) 

QC
K
CCkA

dt
dCV A

AB

A
BB

A
A ×−−××=× )(     (A.2) 

where: 

A is the contact area between the air and the product (m²), 

VB and VA are the volume of the bolus and of the air, respectively (m3),  

CB and CA are the concentration of aroma in the product and in the air, respectively (kg/m3), 

Q is the air flow rate stripping the headspace (m3/s),  

and KAB is the air/bolus partition coefficient ( eq
B

eq
A

AB C
C

K =  with 0

0

B

A
AB C

C
K =  under our experimental 

conditions). 

The mass transfer coefficient kB is determined by fitting the air concentration predicted by the model 

to the release kinetics obtained by PTR-MS measurements. 
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