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Partition of fourteen volatile compounds, representing the diverse physicochemical properties of
aroma compounds, was measured by static equilibrium headspace in solutions containing the
components of artificial saliva, either singly or in mixtures. Comparison of a bovine salivary mucin
and pig gastric mucin showed no significant difference in partition behavior of the volatiles, so
gastric mucin was used. Mucin viscosity changed with pH, but binding of volatile compounds did
not show a marked dependence on pH. All combinations of the salivary components were tested for
their effect on partition. Three types of behavior were noted. Partition of some compounds was
unaffected by mucin, and with other compounds mucin decreased partition, whereas another group
showed a decrease with mucin that was affected by the presence of salivary salts and sugar. When
volatiles or sugar were added to a mucin solution, the final headspace concentration depended on
the order of addition, indicating some competition for binding. These solute-mucin effects are
discussed in relation to mucin structure and behavior in solution.
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INTRODUCTION

The mechanisms by which flavor compounds are
released from foods, so that they can reach the gustatory
and olfactory receptors in the mouth and the nose,
respectively, have been discussed by several authors (1-
3). For volatile compounds, the process can be sum-
marized in terms of (a) initial release from the food into
the saliva phase in mouth, (b) partitioning from the
saliva to the air phase in the mouth, and (c) dilution
and transport from the air phase in the mouth to the
airways of the nose. This paper focuses on (b), the
saliva-air partition step.

Because saliva is a hypotonic fluid, it contains the
usual electrolytes of the body fluids: with sodium,
calcium, potassium, chloride, phosphate, and bicarbon-
ate being the principal ions (4). The bicarbonate con-
centration of saliva is highly dependent upon the type
of salivary gland from which it originates, the nature
of the stimulation, and the flow rate. As a result of a
concomitant increase in bicarbonate concentration, the
salivary pH rises with increasing rates of secretion.
Saliva pH can range from 6.2 to 7.4, with the higher
pH exhibited upon increased secretion (4). Besides the
salts, saliva also contains proteins: the glycoprotein
mucin, which is the major component responsible for
the viscosity of saliva, and R-amylase, which has
potential for starch hydrolysis.

As the collection of suitable volumes of human saliva
for experimental purposes is tedious and unpleasant,
several authors have formulated “artificial saliva” solu-
tions, which use salt and protein concentrations typical
of those found in the population (5-8). When formulat-
ing artificial saliva, the protein components of these

mixtures (amylase and mucin) are often substituted by
those from nonhuman sources, which are more abun-
dant and therefore more economical than the human
variants. A comparison of artificial and natural saliva
by van Ruth and Roozen (9) showed no significant
differences in the aroma release of six compounds from
these solutions. When the two salivas were used to
study release from a real food (dehydrated bell peppers)
in a model mouth system, again, no significant differ-
ence was noted between artificial saliva (containing
either porcine or human R-amylase) and the human
saliva (9). Therefore, it appears that the formulation of
artificial saliva using cheaper, substitute protein sources
is an acceptable alternative to using human saliva.

When volatiles are released from food into the saliva
phase, interactions may occur either between the vola-
tile compounds and small-molecular-weight solutes (salt
or sugar) and/or between proteins and volatile com-
pounds in the liquid phase. It is well established that
small-molecular-weight solutes in the aqueous phase
can significantly affect volatile partition between the
liquid and gas phases (10, 11). The relationship has been
expressed previously both in thermodynamic terms (12)
and as a quantitative structure property relationship
(13). Most of the work has studied the effect of solutes
found in foods such as sugars, salts, and acid using
simple aqueous solutions of the solutes. However, the
components of saliva can also affect liquid-air partition.
Research by van Ruth et al. studied volatile release from
dehydrated bell pepper using various solutions to ex-
amine the effects of salivary components on release (14).
These effects were studied in a device that simulated
mouth conditions, and the concentrations of volatiles
released into the headspace were measured. Under
these conditions, there was no difference in volatile
release when a solution of salivary salts or water was
used, suggesting the salts had no effect on release.
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Adding R-amylase to the salt and mucin solutions
caused no further change in headspace concentration,
leading to the conclusion that this enzyme had an
insignificant effect on volatile release from saliva solu-
tions in low-starch systems (14). In a later study,
significant differences in aroma release from high-starch
foods using artificial saliva with and without amylase
were observed (9). This result was obtained in a model
mouth system over a relatively long period of time,
however, and may not reflect the situation that occurs
in vivo.

Mucin was identified as the key component in saliva
that affected flavor release (14). It was suggested that
less volatile, more hydrophobic compounds were more
likely to be affected by the presence of mucal proteins
although the peak areas of a wide range of volatile
compounds decreased significantly in the mucin-con-
taining saliva. The flavor-protein interactions were
particularly significant in the case of aldehydes, which
have been shown by other authors to bind either
reversibly or irreversibly to proteins (9, 14-18). Binding
of volatiles to proteins in aqueous solutions has been
reported for the dairy protein â-lactoglobulin (19) and
various other food proteins (20). The effect of pH on the
degree of binding to some proteins has also been shown
(21).

This paper focuses on the interaction of volatile
compounds with mucin and salivary salts. The rationale
for this choice is as follows. Changes in partition
behavior mediated by solutes depend on the molar
concentration of the solute (12), and salivary salts are
present at sufficient concentration to exert a significant
effect for some compounds. Although the work of van
Ruth et al. reported no significant changes for salivary
salts, they used dynamic headspace techniques to
investigate partition in a complex biological system (14).
There may be subtle effects with some volatile com-
pounds, and the use of simple aqueous solutions and a
static equilibrium headspace analysis will show any
partition effects clearly. Mucin, in contrast, cannot
contribute through this mechanism as its molecular
weight is about 4 orders of magnitude higher than those
of simple salts and its molar concentration is cor-
respondingly small. Mucin causes changes in partition
because it can bind some compounds, reducing their
effective concentration in solution and, therefore, their
concentration in the headspace. Mucins possess similar
structures across species and the structure of pig gastric
mucin in solution is typical, consisting of a long ex-
tended protein chain with oligosaccharide side chains
attached (22). It is these charged side chains that
interact with solutes (e.g., salts and sugars) by modify-
ing the charge repulsion between each mucus glycopro-
tein molecule (22). This charge modification alters the
amount of “free space” between the mucin molecules
and may therefore affect the interactions of mucins with
volatile compounds.

The aim of this paper is to study the effects described
above using a range of volatile compounds representing
different degrees of polarity. The volatiles were chosen
to cover a wide range of log P values, the octanol-water
partition coefficient . Log P has previously been shown
to be an important parameter in release of volatile
compounds from solutions (13, 23). The effects of sugar
and salivary components (and their order of addition)
will be investigated in terms of volatile partition and
their effects on mucin conformation.

MATERIALS AND METHODS

Volatile compounds (>99% pure; Table 1) were obtained
from Sigma-Aldrich (Gillingham, U.K.) and were used without
further treatment. Sucrose and salts (analytical-reagent grade)
were obtained from Fischer Scientific U.K. Ltd. (Loughbor-
ough, U.K.). Pig gastric mucin (PGM; partially purified Type
III) and bovine submaxillary mucin (BSM; Type I-S) were
obtained from Sigma-Aldrich.

Sample Preparation. Solutions of volatile compounds
were made up with appropriate concentrations of volatiles so
that the gas-phase concentrations produced similar ion inten-
sities when analyzed by APcIMS (Table 1). Batches of solu-
tions, each containing just two volatile compounds, were
prepared to avoid any solute interactions. These solutions were
shaken vigorously for 3 h on a SF1 flask shaker (Stuart
Scientific, Redhill, U.K.) at ∼550 oscillations/min to ensure
solubilization.

Sucrose solutions were prepared at a concentration of 34%
(w/w). Aliquots (0.5 mL) were taken from the batch solutions
of volatile compounds and added to the aqueous sucrose
solutions to give final volatile concentrations of 1-25 mg L-1.
The samples were mixed for 24 h on a SRT2 roller bed (Stuart
Scientific) and then equilibrated for up to 2 h at 25 °C in the
sampling vessels prior to analysis.

Artificial saliva was made up using the components listed
in Table 2. Solutions containing just mucin or salt were also
prepared along with mixtures of mucin and salt. All solutions
were adjusted to pH 7.00 (( 0.01). Where saliva plus sugar
solutions were needed, the volatile was added to the sucrose
solution and mixed thoroughly before the mucin solutions were
added. Where this was the case, solutions of sugar and salivary
components were made up at double strength so that the
required concentrations were obtained on mixing.

Table 3 shows the order of addition for a series of solutions
used to study interactions. For instance, water-mucin-
volatile was added to a flask and equilibrated for 3 h before
adding sugar; this was compared with water-mucin-sugar,
which was also equilibrated for 3 h before adding volatile.
These solutions were allowed to equilibrate by rolling the
solution on a SRT2 roller bed (Stuart Scientific) at 4 °C for 4
h (to minimize volatilization of the aroma compounds) and
then equilibrating to 25 °C before static equilibrium headspace
analysis.

Table 1. Volatile Compounds, their Properties, and
Concentrations Used

volatile compound
molecular

weight log Pa
concentration
used (mg/L)

2-methyl butanol 88.15 1.345 8.2
benzaldehyde 106.12 1.722 7.3
cymene 134.22 3.708 6.0
decanal 156.27 2.823 4.9
decanol 158.28 3.32 4.9
diacetyl 86.09 -1.021 9.8
dimethyl cyclohexanone 126.20 2.653 6.2
dimethyl pyrazine 108.14 0.722 24.8
ethyl hexanoate 144.21 2.023 6.1
heptanal 114.19 1.634 5.0
heptyl acetate 158.24 2.42 6.1
linalool 154.25 2.517 6.1
menthone 154.25 3.148 6.3
methyl acetate 74.08 -0.136 9.3

a Log P values were calculated using the atom-typing method
of Ghose et al (35).

Table 2. Components of Artificial Saliva Solutions

solute
concentration

required

calcium chloride dihydrate 7.5 mmol
sodium chloride 37.5 mmol
sodium bicarbonate 15.5 mmol
potassium phosphate dibasic trihydrate 15 mmol
potassium chloride 15 mmol
pig gastric mucin (or BSM) 0.2%
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Static Equilibrium Headspace Analysis. Portions of the
final solutions (50 mL) were placed in sealed glass Schott
bottles (Fischer Scientific, Loughborough Leicestershire, U.K.)
and equilibrated at 25 °C until a static equilibrium was
attained: a maximum of 2 h for the volatiles used here. The
headspace (73 mL) above each solution was sampled for
approximately 30 s at a flow rate of 10 mL/min using a heated
(120 °C) gas-phase interface, MS Nose, into the APcIMS
(atmospheric pressure chemical ionization mass spectrometry)
source (MicroMass, Manchester, U.K.). There, the volatile
compounds were ionized by a 4-kV corona discharge (cone
voltage 21 V) before they were sampled into the high vacuum
region of the mass spectrometer. This resulted in minimal
dilution of the headspace due to the small volume sampled.
The ion trace showed an almost instantaneous increase as
headspace was sampled, followed by a plateau value, which
was maintained for the 30 s period of sampling. The plateau
values for three replicates were obtained, and headspace
concentrations were expressed as the ion current for the
[M+H]+ ion. Because each solution contained only two vola-
tiles, it was facile to identify the characteristic [M+H]+ ion of
each component. At the concentrations used, there was no ion
suppression (24).

Capillary Viscometry. The viscosity of each solution (2
mL) was measured in an Ostwald-type capillary viscometer
(Schott Gerate Automatic Viscometer System 400). Each
sample was equilibrated in the water bath for 15 min at 25
°C prior to the collection of 10 replicate measurements.
Viscosity was expressed directly or as relative viscosity using
the relationship

where ηrel is the relative viscosity, η is the viscosity of the
solution (e.g., sugar + water), and η0 is the viscosity of the
solvent (e.g., water). ηrel was converted to Poise by multiplying
by the viscosity of the solvent at the relevant temperature. In
the first instance the solvent was water; the viscosity of water
is 0.8904 cP at 25 °C (25).

RESULTS AND DISCUSSION

Type of Mucin Used and Effect of Solution pH.
Preliminary studies compared the effect of two different
mucins, bovine submaxillary mucin (BSM) and pig
gastric mucin (PGM), on the partitioning of four differ-
ent volatiles between the air and liquid phase using
static equilibrium headspace analysis. By its nature,
static equilibrium headspace measures interactions that
occur between molecules in the liquid phase (for ex-
ample, solute-volatile and protein-volatile) but is not
affected by viscosity, so that comparison can be made
between systems of different physical properties. Al-
though submaxillary mucins are believed to consist of
a lower overall proportion of carbohydrate and shorter
carbohydrate chains, compared to that of other mucins,
they do have an overall homology with mucins like PGM

in terms of assembly and conformation (26). There was
no significant difference in the effect of BSM and PGM
(as measured by headspace) on the volatile compounds
tested (Figure 1) showing that the cheaper PGM was a
suitable substitute for the more expensive BSM, in
terms of the effect on volatile release. This common
behavior between BSM and PGM is supported by the
results of van Ruth and Roozen (9) who found no
significant difference in volatile release between arti-
ficial saliva (containing porcine mucin) and human
saliva that was collected from volunteers.

The comparative effects of PGM and BSM on volatile
release reported in Figure 1 were obtained at pH 7.01
(( 0.01). Changing the pH of the solution over the pH
range expected in saliva (Figure 2) did not cause
significant changes in headspace concentrations. How-
ever, changing the pH of the PGM solution caused
notable changes in the viscosity of the solutions. These
were quantified (Figure 3) by carrying out viscosity
measurements in water and in the presence of sucrose
(18%) at a concentration likely to be found in the mouth
during consumption of certain foods (27). In other
experiments (Table 3) a higher concentration (34%) of
sucrose was used to study headspace changes; but, for
the viscosity experiments, a lower sucrose concentration
was used because of problems with air bubbles forming
in the more viscous solutions containing mucin and 34%
sucrose. Figure 3 shows that as pH changed across 0.8
units, from pH 6.2 to 7.0, the relative viscosity decreased
by 14% in water and 23% when sucrose was present.
Mucin has an overall negative charge due to the sulfate
groups on the oligosaccharide side chains, and as the
pH increases the charge interaction between mucin
moieties will change, changing the “space” between
them and, therefore, the relative viscosity.

Effect of Sugar and Salivary Components on
Air-Solution Partition. Initially, the effect of salivary
components on the static equilibrium headspace above
solutions of the 14 volatiles was measured in the
presence and absence of sucrose (34%, a concentration
likely to be found in mouth (27) when consuming high-
sugar foods). Although all possible combinations of
salivary components were tested, Table 4 presents those
that showed significant changes. In Table 4, the equi-
librium headspace concentrations are expressed relative
to water, so that values <1 denote retention of the
compound in the liquid phase, whereas a value >1
represents a “salting out” effect. Table 4 is arranged to
show the three types of behavior noted among the
fourteen compounds tested. One group showed very

Table 3. Treatments to Investigate the Effect of
Sequential Addition of Volatile and 34% Sugar to
Aqueous or Artifical Saliva Solutions, on Final
Headspace Concentration of Volatile Compounds

initial solution
incubation

at 22 °C
secondary
addition

control 200 mL of H2O
0.4 mL of volatile

treatment 1 100 mL of H2O 3 h 100 mL of sugar
0.4 mL of volatile solution

treatment 2 100 mL of H2O 3 h 0.4 mL of volatile
100 mL of sugar solution

treatment 3 100 mL of artificial saliva 3 h 100 mL of sugar
0.4 mL of volatile solution

treatment 4 100 mL of artificial saliva 3 h 0.4 mL of volatile
100 mL of sugar solution

ηrel ) η/η0

Figure 1. Equilibrium headspace concentrations of volatile
compounds above bovine submaxillary mucin (grey) and
porcine gastric mucin (white).
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similar relative headspace values for sugar and salt
solutions with and without mucin. The behavior here
was driven by the solutes, not mucin. The second group
(cymene, decanal, decanol, and heptanal) showed a
decrease in relative headspace on addition of mucin, but
that change was unaffected by solutes. Behavior in this
group seems to be driven entirely by mucin. The third
group (benzaldehyde, diacetyl, ethyl hexanoate, and
heptyl acetate) showed changes with mucin that were
affected by the presence and type of solute present.
Here, behavior seems to be due to interactions between
mucin and the solutes.

Potential explanations for these behaviors are now
presented. For the group 1 compounds, it can be
assumed that there is no binding between these com-
pounds and mucin, so that their behavior can be
explained by the solutes alone. For the group 2 com-
pounds, strong binding of the compounds to the mucin
took place to such an extent that the effect of the solutes
was insignificant. For this group, headspace was re-
duced to 10-50% of the control (aqueous solution)

values. Group 3 showed differences, especially between
the mucin and mucin-salt solutions. The differences
between the sugar and sugar-salt-mucin were not so
marked. This could be because the mucin has a finite
number of binding sites which are preferentially taken
up by the sugar rather than by the volatiles. Because
volatile binding sites occupy only a few mg kg-1 of the
sugar, this leaves a sufficient excess of sugar in solution
to exert its characteristic salting-out effect on the aroma
compounds. This is quite interesting: in that food
proteins, generally, can bind specific aroma compounds
(18, 21, 28), yet very few authors have focused on the
effect of salivary proteins as a subject, particularly their
effects on a range of volatile compounds (9, 14). It was
expected that aldehydes would bind to mucin, as it is
well-known that proteins can bind aldehydes to form
Schiff bases (15, 29). However, the two aldehydes in this
set of compounds behave in the same way as decanol
and cymene, suggesting that there are either two
binding mechanisms for these compounds to mucin or
that the Schiff’s base explanation for aldehyde binding

Figure 2. Effect of pH of PGM solution (without salt) on equilibrium headspace concentrations of volatile compounds: decanal
(black), decanol (vertical lines), dimethyl pyrazine (grey), and heptanal (white).

Figure 3. Effect of pH on the relative viscosity of PGM (without salt) in an aqueous solution (grey) and in an 18% sucrose
solution (open).
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is incorrect in this particular case with the four com-
pounds sharing a common binding mechanism. Most
other interactions between proteins and aroma com-
pounds are through hydrophobic interactions and tend
to be reversible (18).

Most of the published data describe the effect of
individual salts (derived from food) on headspace con-
centrations of volatile compounds (12, 30), but there is
less information on the combination of salts found in
saliva, apart from the contributions of van Ruth et al.
(14). For the most part, the mixture of salivary salts
caused a small increase in headspace concentration of
aroma compounds, compared to that of the water control

(data not shown). However, the salivary salts seem to
cause a modification of the interactions between the
aroma compound and the protein (18). The ionic strength
of the solutions plays a role in the conformational state
of mucin; therefore, it is suggested that the mucin has
a different conformation in the mucin only and mucin
+ salt salivas. The addition of salt to the solution may
cause a charge-shielding effect on the charged areas of
the mucin backbone. This process is likely to neutralize
the mucin backbone and reduce the charge repulsion
between glycoproteins and allow neighboring mucins to
entwine, resulting in an increase in self-aggregation.

These interactions between salts and mucin should
cause changes in viscosity, and the values for solutions
containing solutes and mucin are shown in Figure 4.
The viscosity of water at 25 °C is 0.8904 cP, and addition
of the salivary salts (Table 2) increased the viscosity by
just 0.01 cP, whereas the addition of 18% (w/w) sucrose
increased the viscosity to 1.73 cP. The addition of salt
and sugar at these concentrations gave an additive
increase in viscosity, but in the mucin-containing solu-
tions a different pattern was observed. The 0.2% PGM
solution had a viscosity of 1.05 cP, which increased to
1.22 cP on addition of salivary salts and to 1.93cP on
addition of 18% sugar. The addition of salt and sugar
together increased the viscosity to 2.24 cP (an extra 0.14
cP above the additive viscosities). These results strongly
suggest that addition of salt to the mucin solution
causes restructuring of the hydration shell around the
molecule which also directly affects the hydration of the
sucrose in the vicinity of the mucin. This may modify
the number of binding sites that the mucin has available
and may also result in formation of hydrophobic inclu-
sion sites that can trap volatiles within the solution
structure.

Effect of Sequential Addition of Sugar and
Salivary Components. The data in Table 4 showed
the effect of mucin and solutes on compound partition.
To study this effect further, solutions were prepared in
which the salt and mucin were added sequentially
(Table 3) to investigate the hypothesis that the effect
was due to competition for binding sites between sugar
and the volatiles. This was tested by adding the

Table 4. Relative Headspace Volatile Concentration
above Solutions of the 14 Volatiles in the Presence of
Sugar (Su), Mucin (Mu), or Mucin-Salivary Salts (Sa), or
Mucin with Salivary Salts and Sugar (see Table 1 for
compositions)

compounda + Su + Mu + Mu + Sa + Mu + Sa + Su

group 1
2-methyl butanol 1.76 0.96 0.96 1.70
dimethyl

cyclohexanone
1.44 0.96 0.96 1.50

dimethyl pyrazine 1.26 0.96 0.97 1.15
linalool 1.92 1.07 1.07 1.97
menthone 1.16 0.97 0.95 1.22
methyl acetate 1.84 0.94 0.93 1.79

group 2
cymene 0.87 0.50 0.55 0.57
decanal 1.00 0.16 0.16 0.16
decanol 1.00 0.48 0.48 0.48
heptanal 1.00 0.10 0.10 0.10

group 3
benzaldehyde 1.23 0.46 0.04 1.14
ethyl hexanoate 1.19 0.58 0.00 1.31
diacetyl 1.60 0.84 0.49 1.54
heptyl acetate 0.87 0.67 0.05 0.86

a Group 1 compounds are unaffected by the presence of mucin,
group 2 compounds are affected by mucin, and group 3 compounds
are affected by both mucin and the solute. Relative headspace
values: water ) 1; values < 1 show a decrease in headspace and
values > 1 show an increase in headspace relative to water.Values
are taken from the average of 3 replicates for each volatile
compound in each sample with an average overall coefficient of
variation of 8% (( 4%).

Figure 4. Viscosity of aqueous solutions (grey) and mucin solutions (open bars) containing the salivary salts and sugar (alone
and in mixtures) at 25 °C and pH 7.00. Sugar concentration was 18%; actual salt and mucin concentrations are as detailed in
Table 2.
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components in different orders, allowing an equilibra-
tion period between additions, and then measuring the
equilibrium headspace. It was also expected that the
effect of adding a sugar solution to a batch volatile
solution would give the same headspace concentration
as adding a portion of a batch volatile solution to a sugar
solution.

Figures 5 and 6 show the changes in headspace
concentrations of four treatments expressed relative to
the headspace concentration above water. Figure 5 plots
the behavior of two group 3 compounds: ethyl hex-
anoate and benzaldehyde. In the aqueous solutions
(treatments 1 and 2) the order of addition was ir-
relevant, but with the mucin solution (treatments 3 and
4), adding the saliva and volatile, then the sugar, caused
a decrease in headspace concentration, whereas mixing
saliva and sugar, then the volatile, caused an increase
in headspace concentration compared to that of the
water control. The behavior in treatment 3 is inter-
preted as strong binding of the volatile to the mucin,
an effect which is not completely reversed by addition
of sugar. In treatment 4, sugar either blocks the binding
sites or changes the conformation of the mucin so that
the volatile compounds cannot bind to the same extent
and the headspace is similar to the aqueous behavior
in treatments 1 and 2. Nawar also found that the order
in which solutions are made up can affect the headspace
concentration of volatile compounds (31), although, in
this case, the differences were found between solutions
prepared by dissolving solid sugar or mixing a sugar
solution into an aqueous solution.

Figure 6 shows the same experiment but this time
using Group 1 compounds (linalool and 2-methylbu-

tanol), which had shown no mucin binding in an earlier
experiment (Table 4). Again, in the aqueous systems
there was little difference between treatments 1 and 2
but a difference between treatments 3 and 4, with a
reduced headspace concentration when volatiles were
added last. This suggests that, although some com-
pounds do not bind to mucin, they can still be affected
by its presence in solution. In the case of treatment 3,
addition of the volatile to mucin first, with subsequent
addition of sugar, seemed to increase the headspace
concentrations of the two alcohols much more than
expected. It appeared that the addition of sugar dis-
placed the volatile compounds into the headspace as it
bound to the mucin. In the case of adding sugar solution
to the mucin before the volatile is added, it may be that
the mucin binds to the sugar and forms a carbohydrate-
like structure in the solution that is similar to the
structure formed by sugar in water. Some sugar mol-
ecules can fit into the structure of water with hydrogen
bonding; however, when the glycoprotein is also present
different types of bonding are introduced. The presence
of sugars has been shown to stabilize the solution
structure of proteins (32-34). Thus, it is likely that
treatments 3 and 4 involve the addition of volatiles to
solutions in which the glycoprotein adopts different
conformations because of this stabilization.

In an attempt to explain this behavior further, the
hydrophobicity (log P) of the compounds and their
relative headspace concentrations in salt and mucin
(Figure 7) solutions were plotted. There was no correla-
tion between log P and the relative headspace values
for the salt and mucin solutions, but there was a good
negative correlation for relative headspace above the
sugar solutions (Figure 8). Log P has previously been
shown, using an empirical modeling approach, to be an
important parameter in the prediction of the effect of
sucrose concentration on aroma release (13). Further
experiments are required to determine the exact nature
of the binding, although estimation of the number of
binding sites per mole is not possible because of the
polydisperse nature of mucin (both in terms of the
number of basic units and the extent of glycosylation
(22)). Empirical modeling may elucidate some of the
important physicochemical factors involved in the bind-
ing of aroma volatiles to mucin, where it is not necessary
to know the mechanisms involved (13).

The results presented above show that salivary
components can affect the partition of volatile com-
pounds between the liquid and gas phases. New data

Figure 5. Effect of order of addition on equilibrium headspace
change, relative to water, for two group 3 compounds that bind
to mucin. Water, W; volatile, V ; 34% sugar, Su; saliva, Sal
(see Table 3 for treatment details).

Figure 6. Effect of order of addition on equilibrium headspace
change, relative to water, for two group 1 compounds that do
not bind to mucin. Water, W; volatile, V; 34% sugar, Su; saliva,
Sal (see Table 3 for treatment details).

Figure 7. Relationship between hydrophobicity of the volatile
compounds and their relative headspace concentration above
mucin (b) and mucin-salt (0) solutions.
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on the known solute and protein binding effects have
been presented; and the fact that order of addition can
change partition is of potential interest for in vivo flavor
release and flavor perception. It should be emphasized
that these data were obtained in a model system at
equilibrium which can never imitate all of the complex
operations performed by a mouth. Further work is
needed to describe in more detail the phenomena
observed, and to determine whether they are significant
in vivo.

LITERATURE CITED

(1) Plug, H.; Haring, P. The influence of food-ingredient
interactions on flavor perception. Food Qual. Pref. 1994,
5, 95-102.

(2) Taylor, A. J.; Linforth, R. S. T.; Baek, I.; Brauss, M. S.;
Davidson, J. M.; Gray, D. A. Flavor release and flavor
perception. In Flavor Chemistry - Industrial and Aca-
demic Research; Risch, S., Ho, C.-T., Eds.; American
Chemical Society: Washington, DC, 1999; pp 151-
165.

(3) Piggott, J. R. Dynamism in flavour science and sensory
methodology. Food Res. Int. 2000, 33 (3-4), 191-197.

(4) Drobitch, R. K.; Svensson, C. K. Therapeutic drug-
monitoring in saliva - an update. Clin. Pharmacokinet.
1992, 23 (5), 365-379.

(5) Legger, A.; Roozen, J. Gas chromatography and sensory
analysis of chocolate flavour: intensity changes in time.
In Trends in Flavour Research; Maarse, H., van der Heij,
D. G., Eds.; Elsevier Science B.V.: Amsterdam, The
Netherlands, 1994.

(6) Roberts, D. D.; Acree, T. E. Simulation of retronasal
aroma using a modified headspace technique - Inves-
tigating the effects of saliva, temperature, shearing, and
oil on flavor release. J. Agric. Food Chem. 1995, 43 (8),
2179-2186.

(7) Matsuo, R.; Yamauchi, Y.; Morimoto, T. Role of sub-
mandibular and sublingual saliva in maintenance of
taste sensitivity recorded in the chorda tympani of rats.
J. Physiol.-London 1997, 498 (3), 797-807.

(8) Margomenou, L.; Birkmyre, L.; Piggott, J. R.; Paterson,
A. Optimisation and validation of the “Strathclyde
simulated mouth” for beverage flavour research. J. Inst.
Brew. 2000, 106 (2), 101-105.

(9) van Ruth, S. M.; Roozen, J. P. Influence of mastication
and saliva on aroma release in a model mouth system.
Food Chem. 2000, 71 (3), 339-345.

(10) Chandrasekaran, S. K.; King, C. J. Multicomponent
diffusion and vapor-liquid equilibria of dilute organic
components in aqueous sugar solutions. AIChE J. 1972,
18, 513-520.

(11) Taylor, A. J. Flavour matrix interactions. In Current
topics in flavours and fragrances: Towards a new
millenium of discovery; Swift, K. A. D., Ed.; Kluwer
Academic: Dordrecht, The Netherlands, 1999; pp 123-
138.

(12) Voilley, A.; Simatos, D.; Loncin, M. Gas-phase concen-
tration of volatiles in equilibrium with a liquid aqueous
phase. Lebensm. Wiss. Technol. 1977, 10, 45-49.

(13) Friel, E. N.; Linforth, R. S. T.; Taylor, A. J. An empirical
model to predict the headspace concentration of volatile
compounds above solutions containing sucrose. Food
Chem. 2000, 71 (3), 309-317.

(14) van Ruth, S. M.; Roozen, J. P.; Cozijnsen, J. L. Changes
in flavor release from rehydrated diced bell peppers
(Capsicum annuum) by artificial saliva components in
3 mouth model systems. J. Sci. Food Agric. 1995, 67
(2), 189-196.

(15) Gremli, H. A. Interaction of flavor compounds with soy
protein. J. Am. Oil Chem. Soc. 1974, 51, 95-97.

(16) Landy, P.; Druaux, C.; Voilley, A. Retention of aroma
compounds by proteins in aqueous solution. Food Chem.
1995, 54 (4), 387-392.

(17) Fares, K.; Landy, P.; Guilard, R.; Voilley, A. Physico-
chemical interactions between aroma compounds and
milk proteins: Effect of water and protein modification.
J. Dairy Sci. 1998, 81 (1), 82-91.

(18) Lubbers, S.; Landy, P.; Voilley, A. Retention and release
of aroma compounds in foods containing proteins. Food
Technol. 1998, 52 (5), 68 (8 pages).

(19) Lubke, M.; Guichard, E.; Le Quere, J. L. Infrared
spectroscopic study of beta-lactoglobulin interactions
with flavor compounds. In Flavor Release: Linking
Experiments, Theory and Reality; Roberts, D. D., Taylor,
A. J., Eds.; American Chemical Society: Washington,
DC, 2000; pp 282-292.

(20) O’Neill, T. E. Flavor binding by food proteins: An
overview. In Flavor-Food Interactions; McGorrin, R. J.,
Leland, J. V., Eds.; American Chemical Society: Wash-
ington, DC, 1996; pp 59-74.

(21) Jouenne, E.; Crouzet, J. Effect of pH on retention of
aroma compounds by beta-lactoglobulin. J. Agric. Food
Chem. 2000, 48 (4), 1273-1277.

(22) Harding, S. E. The macrostructure of mucus glycopro-
teins in solution. Adv. Carbohydr. Chem. Biochem. 1989,
47, 345-381.

(23) Linforth, R.; Taylor, A. J. Persistence of volatile com-
pounds in the breath after their consumption in aqueous
solutions. J. Agric. Food Chem. 2000, 48 (11), 5419-
5423.

(24) Taylor, A. J.; Linforth, R. S. T.; Harvey, B. A.; Blake,
A. Atmospheric Pressure Chemical Ionisation for moni-
toring of volatile flavour release in vivo. Food Chem.
2000, 71, 327-338.

(25) Weast, R. C., Ed. CRC Handbook of Chemistry and
Physics, 1st Student ed.; CRC Press Inc.: Boca Raton,
FL, 1987.

(26) Shogren, R.; Jamieson, A. M.; Blackwell, J.; Jentoft, N.
Conformation of mucous glycoproteins in aqueous sol-
vents. Biopolymers 1986, 25 (8), 1505-1517.

(27) Davidson, J. M.; Linforth, R. S. T.; Hollowood, T. A.;
Taylor, A. J. Effect of sucrose on the perceived flavor
intensity of chewing gum. J. Agric. Food Chem. 1999,
47 (10), 4336-4340.

(28) Solms, J. Interactions of nonvolatile and volatile sub-
stances in foods. In Interactions of Food Components;
Birch, G. G., Lindley, M. G., Eds.; Elsevier Applied
Science Publishers Ltd.: Essex, 1986; pp 189-210.

(29) Kinsella, J. E. Flavor binding by food components,
particularly proteins. J. Am. Oil Chem. Soc. 1988, 65
(4), 506.

(30) Le Thanh, M.; Lamer, T.; Voilley, A.; Jose, J. Determi-
nation of vapor-liquid partition and activity-coefficients
of aroma compounds from their physicochemical char-
acteristics. J. Chim. Phys. Chim. Biol. 1993, 90 (3), 545-
560.

Figure 8. Relationship between hydrophobicity of the volatile
compounds and their relative headspace concentration above
sucrose solutions.

3904 J. Agric. Food Chem., Vol. 49, No. 8, 2001 Friel and Taylor



(31) Nawar, W. W. Some variables affecting composition of
headspace aroma. J. Agric. Food Chem. 1971, 19 (6),
1057-1059.

(32) Taylor, L. S.; York, P.; Williams, A. C.; Edwards, H. G.
M.; Mehta, V.; Jackson, G. S.; Badcoe, I. G.; Clarke, A.
R. Sucrose reduces the efficiency of protein denaturation
by a chaotropic agent. Biochim. Biophys. Acta - Protein
Struct. Mol. Enzymol. 1995, 1253 (1), 39-46.

(33) Gabius, H. J. The how and why of protein-carbohydrate
interaction: A primer to the theoretical concept and a
guide to application in drug design. Pharm. Res. 1998,
15 (1), 23-30.

(34) Lopez-Diez, E. C.; Bone, S. An investigation of the water-
binding properties of protein plus sugar systems. Phys.
Med. Biol. 2000, 45 (12), 3577-3588.

(35) Ghose, A. K.; Pritchett, A.; Crippen, G. M. Atomic
physicochemical parameters for three-dimensional struc-
ture directed quantitative structure-activity relation-
ships III: modelling hydrophobic interactions. J. Com-
put. Chem. 1988, 9, 80-90.

Received for review March 19, 2001. Revised manuscript
received May 30, 2001. Accepted June 4, 2001. ENF is grateful
to Nestec Ltd. (York, U.K.) and the Biotechnological and
Biological Sciences Research Council for an Industrial CASE
studentship.

JF010371E

Volatile Release from Saliva Solutions J. Agric. Food Chem., Vol. 49, No. 8, 2001 3905


