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Influence of mastication rate on dynamic flavour release analysed by
combined model mouth/proton transfer reaction–mass spectrometry
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Abstract

The influence of mastication rate on the dynamic release of seven volatile flavour compounds from sunflower oil was evaluated by combined
model mouth/proton transfer reaction–mass spectrometry (PTR–MS). Air/oil partition coefficients were measured by static headspace gas
chromatography. The dynamic release of the seven volatile flavour compounds from sunflower oil was significantly affected by the compounds’
hydrophobicity and the mastication rate employed in the model mouth. The more hydrophobic compounds were released at a higher rate
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han their hydrophilic counterparts. Increase in mastication rate increased the maximum concentration measured by 36% on aver
ime to reach this maximum by 35% on average. Mastication affected particularly the release of the hydrophilic compounds. The
oncentration of the compounds correlated significantly with the compounds’ air/oil partition coefficients. The initial release rates ov
5 s were affected by the type of compound, but not by the mastication rate. During the course of release, the proportions of the
ompounds to the overall flavour mixture in air decreased. The contribution of the hydrophobic compounds increased. Higher m
ates, however, increased the proportions of the hydrophilic compounds and decreased those of the hydrophobic compounds.
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. Introduction

Flavour release and flavour perception are important issues
or the food industry and consumers. Variation in the food
atrix composition is a key factor that influences the binding
nd release of volatile flavour compounds[1]. However, it

s well known that individual tasters often perceive different
avours from the same food, and some of this variation may
e due to differences in release of flavour compounds in the
outh.
One of the oral physiological factors affecting volatile

avour release in the mouth is saliva. Saliva is secreted into
he mouth by three major glands, which is under both sym-
athetic and parasympathetic control. The former has control
ver certain proteins released, whereas the latter controls the
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volume of saliva produced[2]. Salivary composition and flo
rate are affected by the degree of hydration, body pos
exposure to light, olfaction, smoking, (previous) stimulat
climatological circumstances, and circadian and circan
rhythms[3–4]. Therefore, they vary widely within and b
tween subjects. It has been shown that hydration/dilutio
food by saliva affect the partitioning of volatiles over fo
saliva, and air phase[5].

Chewing behaviour varies also considerably among
ple. Mastication controls the extent of physical disruption
mixing of food. As a result, chewing behaviour and other c
ditions in the mouth can substantially alter the extent an
balance of the flavour released.

Volatile release in the mouth can be studied by ana
of exhaled air. This is the experimental approach giving
nearest to the site of perception. However, oral physio
cal variables are difficult to control. For this reason, mo
simulators have been developed[6]. The authors started t
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development of their model mouth ten years ago. This mouth
simulator considers the sample volume, volume of the mouth,
temperature, salivation, and mastication[7]. The latest ver-
sion of the system is composed of a 70 ml glass sample flask
and assembly, a plunger for mastication, two voltage con-
trollers and two variable speed motors to give precise control
of vertical and circular speed of the plunger, an externally cir-
culating temperature controlled water bath connected to the
cavity wall of the sample flask and a controlled gas supply
[8].

The perception of flavour and texture of a food is not a
static, non-changing experience during the course of eating.
The overall perception of a food is based on initial impact,
perception during chewing, and the perception of residual
flavour (dynamics). In order to measure these dynamics real-
time, fast analysis is required. Proton transfer reaction–mass
spectrometry (PTR–MS) allows volatile flavour analysis with
a high time resolution (<0.1 s per measurement). The advan-
tage of PTR–MS over other direct MS techniques is that the
generation of the primary H3O+ ions and the chemical ioni-
sation of the volatile compounds are individually controlled
and spatially and temporally separated processes.

In the present study, the model mouth was connected to a
PTR–MS instrument. This combination was used to examine
the influence of mastication rate on the dynamic release of
s /oil
p pace
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at 225◦C, a BPX5 capillary column (60 m length; 0.32 mm
i.d.; 1.0�m film thickness; helium carrier gas, 1.9 ml/min;
SGE, Kiln Farm Milton Keynes, UK), and a flame ionisation
detector at 275◦C. An initial oven temperature of−30◦C was
used for 1 min, followed by a rate of 100◦C/min to 40◦C. The
oven temperature was maintained at 40◦C for 4 min and was
subsequently programmed to 90◦C at 2◦C/min, further to
130◦C at 4◦C/min, and finally to 250◦C at 8◦C/min.

The time required for equilibration of the oil and air phase
(6 min) was determined in preliminary studies. Partition co-
efficients of single compounds in oil were not significantly
different from partition coefficients when seven compounds
were added (Student’st-test,P< 0.05), which demonstrated
that there were no interactions between the individual volatile
flavour compounds at the concentrations used. Five concen-
trations of each of the compounds were analysed in triplicate
for calibration, allowing quantification of the compounds in
the air phase.

For determination of the air/oil partition coefficients, air
phase concentration (w/v) of the compounds were divided by
their concentrations in the liquid phase (w/v).

2.3. Dynamic headspace analysis: model
mouth/PTR–MS analysis
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even volatile flavour compounds from sunflower oil. Air
artition coefficients were determined by static heads
as chromatography to distinguish the effects of the typ
ompound and mastication on the thermodynamic com
ent from those on the kinetic component of flavour rele

. Experimental

.1. Materials

Seven volatile flavour compounds were added to c
ressed sunflower oil (Suma Wholefoods, Dean Clough,

fax, UK) at a concentration of 0.001% (v/v) for each in
idual compound. The compounds, 2-butanone, ethyl ac
iacetyl, hexanal, and 2-heptanone, were supplied by Al
Steinheim, Germany). 3-Methyl-1-butanol was purcha
rom Fluka Chemie (Buchs, Switzerland) and ethyl buty
rom Merck (Hohenbrunn, Munich, Germany).

.2. Static headspace analysis: equilibrium headspace
as chromatography

For equilibrium headspace gas chromatography, 2 m
il sample was transferred into a 10 ml headspace vial. T
eplicate vials were prepared for each sample. Samples
ncubated at 37◦C and agitated at 750 rpm for 6 min in the
omated headspace unit (Combipal-CTC Analytics Sys
VA Analytical Ltd., Dublin, Ireland) of the GC (Varian C
800; JVA Analytical Ltd.). One millilitre of headspace w

njected onto the GC. The GC was equipped with an inje
The sample (10 ml) was placed in the model mouth.
eplicates of each sample were analysed. The model m
nalysis has been described previously[7]. Mastication rate
ere varied: 26 and 52 cycles/min. The headspace o
amples was analysed by PTR–MS according to the me
escribed by Lindinger et al.[9]. The headspace was dra

rom the model mouth at 100 ml/min by a vacuum pu
5 ml/min of which was led through a heated transfer line

he PTR–MS for on-line analysis for 2 min. Data were
ected form/z61 (ethyl acetate), 71 (3-methyl-1-butanol),
2-butanone), 83 (hexanal), 87 (diacetyl), 115 (2-heptan
nd 117 (ethyl butyrate). The most abundant ions for the
idual compounds were measured, which was determin
easuring the pure compounds individually. For most c
ounds, the parent mass plus 1, or as the parent mas
minus 18 (water) was measured. Dwell time was 0.2
ass, and with ions used for instrument monitoring this

ulted in a cycle time of 2.2 s. Headspace concentrations
alculated as described by Lindinger et al.[9]. From the aver
ge release curves, the following parameters were take
aximum concentration measured (Imax), the time to reac

his maximum concentration (tImax) and the average relea
ate between 0 and 15 s (initial release rate).

.4. Statistical analysis

Data of the flavour measurements were subjected to m
ariate analysis of variance (MANOVA) to determine sig
cant effects of the type of compound and mastication
ifferences between compounds were subsequently e

ned by least significant difference tests. Correlations w
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Table 1
Experimental air/sunflower oil partition coefficients (K) of seven volatile
flavour compounds and octanol–water partition coefficients (logP [17])

K × 1000 logP

2-Butanone 4.8 0.29
Ethyl acetate 5.3 0.73
Diacetyl 4.9 0.80
3-Methyl-1-butanol 0.6 1.28
Hexanal 0.6 1.78
Ethyl butyrate 1.1 1.90
2-Heptanone 0.5 1.98

CV (%)a 5.3 –
a CV, average coefficient of variance.

determined by Pearson product moment correlation coeffi-
cients. The significance level wasP< 0.05 throughout the
study.

3. Results and discussion

3.1. Static headspace analysis

Seven volatile flavour compounds were selected on
their physico-chemical properties. They are well-known
flavour compounds with distinct odours: 2-butanone, ethe-
real; ethyl acetate, ethereal–fruity; diacetyl, buttery; 3-
methyl-1-butanol, fruity–wine; hexanal, grassy; ethyl bu-
tyrate, fruity; and 2-heptanone, fruity–spicy[10]. The com-
pounds were added to sunflower oil and their air/oil partition
coefficients were determined using static headspace analy-
sis (Table 1). Good agreement with data of other studies
was obtained for the air/oil partition coefficient of hexanal
[11,12]. Differences in air/oil partition coefficients indicate
differences in the thermodynamic component of flavour re-
lease between the various compounds. Affinity for the oil
phase is reflected by a relatively low air/oil partition coeffi-
cient.Fig. 1shows the relationship between the hydrophobic-
ity of the compounds and their air/oil partition coefficients.
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Fig. 1. Experimental air/oil partition coefficients (K) of seven volatile flavour
compounds as a function of their hydrophobicity (logP: octanol/water par-
tition coefficients;[17]). The names of the compounds corresponding to the
logP values are shown inTable 1.

tively low partition coefficient was found, whereas for the
hydrophilic group (2-butanone, ethyl acetate, and diacetyl;
logP< 1), a higher partition coefficient was observed. A rea-
sonable correlation was found between logP and the air/oil
partition coefficients (R=−0.890), which indicates that the
larger, more hydrophobic compounds have lower air/oil par-
tition coefficients, and therefore, a higher affinity for the oil
phase. The hydrophobic, lipophilic flavour compounds are
bound to the lipid molecules by weak, reversible Van der
Waals forces, and unspecific hydrophobic interactions[13].

3.2. Dynamic headspace analysis: model
mouth/PTR–MS analysis

The dynamic release of the seven volatile flavour com-
pounds from sunflower oil was measured in the model mouth
by PTR–MS. Two mastication rates were employed: 26 and
52 rpm. The release curves of the seven compounds are shown
in Fig. 2. Large differences between the compounds were
observed. The magnitude of release varied considerably be-
tween the compounds; with values below 1000 nl/l air for
2-heptanone, and values in the 30 000 nl/l air range for ethyl
acetate. From the release curves, three parameters were cal-
culated for the various compounds and conditions:Imax, tImax,
enerally, for the hydrophobic group (3-methyl-1-buta
exanal, ethyl butyrate, and 2-heptanone; logP> 1), a rela

able 2
ynamic release of seven volatile flavour compounds from sunflowe
oncentration measured during release (Imax), the time to reachImax (tImax),

Imax (nl/l) tImax

26 rpm 52 rpm Effect of higher
mastication rate (%)

26 rp

-Butanone 12249 18943 55 24
thyl acetate 19343 31010 60 24
iacetyl 3236 5611 73 17
-Methyl-1-butanol 1114 1343 21 33
exanal 1043 1245 19 24
thyl butyrate 1757 2033 16 24
-Heptanone 707 765 8 33

V (%)a 42 43 – 70
a CV, average coefficient of variance.
the model mouth using two mastication rates (26 and 52 rpm): the
e release rate in the first 15 s (initial release rate)

Initial release rate (ng/s)

rpm Effect of higher
mastication rate (%)

26 rpm 52 rpm Effect of higher
mastication rate (%)

35 46 16.3 14.8 −9
35 46 26.5 28.3 7
5 106 5.7 6.5 14
35 6 1.0 0.9 −6
8 17 1.5 1.5 2

28 17 3.3 2.8 −14
35 6 0.9 0.8 −9

– – – –



190 S.M. van Ruth, K. Buhr / International Journal of Mass Spectrometry 239 (2004) 187–192

Fig. 2. Dynamic release of seven volatile flavour compounds from sunflower oil in the model mouth using two mastication rates measured by proton transfer
reaction–mass spectrometry.

and the initial release rate (Table 2). The parameters are de-
fined inSection 2.

3.2.1. Imax
The type of compound had a significant effect onImax

[F(1, 28) = 13.555,P= 0.000]. Between the compounds, sig-
nificant differences were found between 2-butanone and all
others except ethyl acetate as well as between ethyl acetate
and all other compounds except 2-butanone.Imax was related
to the hydrophobicity of the compounds (Fig. 3; R=−0.735),
with lowerImaxvalues for the more hydrophobic compounds.
Imax correlated quite well with the air/oil partition coeffi-

cients;R= 0.796 for 26 rpm andR= 0.809 for the 52 rpm
mastication rate.

The mastication rate had a significant effect onImax
[F(6, 28) = 5.617,P= 0.033]. A larger effect of mastication
was shown for the lower molecular weight compounds; 2-
butanone (increaseImax of 55%), ethyl acetate (60%), and
diacetyl (73%) (Table 2, Figs. 2–3). The effect of mastica-
tion rate was related to the hydrophobicity of the compounds
(Fig. 4). For the compounds with logP< 1, the doubled mas-
tication rate resulted in at least a 50% increase ofImax. For
the more hydrophobic compounds (logP> 1), this effect was
between 10 and 20% only. Obviously, the release of the hy-
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Fig. 3. Maximum concentrations (Imax) of seven volatile flavour compounds
during dynamic release from sunflower oil in the model mouth using two
mastication rates as a function of their hydrophobicity (logP: octanol/water
partition coefficients;[17]). The names of the compounds corresponding to
the logP values are shown inTable 1.

drophilic compounds is determined to a large extent by the
kinetic component of flavour release.

Under the dynamic conditions used, the driving force for
transfer of flavour compounds across the interface is the dif-
ference in flavour concentration between oil and air phase.
The rate of the unidirectional diffusion from the oil to the air
phase is determined by the concentration gradients as well
as the mass transfer coefficients of the flavour compounds in
each of the phases (Fick’s law). Flavour compound diffusion
is based on two mechanisms: molecular and eddy diffusion.
Molecular diffusion is the random movement of the flavour
molecules in the medium. Eddy diffusion relates to the trans-
port of elements or eddies of the fluid from one location to
another, carrying with them the dissolved flavour compounds.
The rate of eddy diffusion is usually much higher than the rate
of molecular diffusion[14]. In general, it is assumed that dif-
fusion of flavour compounds in the gas phase is extremely
rapid [15,16]. This assumption allows neglecting the con-
centration gradient in the gas phase, which implies that the
concentration of the flavour compound at the oil side of the
interface determines the concentration in the gas phase. The

F
fl odel
m s’ hy-
d s
o

rate of mass transfer in oil and air phase can be described as:

dMo

dt
= ko

(
Ca

Ki
− Co

)

whereMo is the total mass of flavour compound diffusing in
the oil phase andko is the mass transfer coefficient in oil.Ca
andCo are the concentrations of the flavour in the air and oil
phases, respectively.Ki is the air/oil partition coefficient at
the interface. Principally, the concentration gradient depends
on the depletion of the flavour compound at the interface.
A high gas pressure and a low mass transfer coefficient of
the flavour compound favour depletion at the oil side of the
interface[14]. In the present study, especially the hydrophilic
compounds had a high vapour pressure, as indicated by their
relatively high air/oil partition coefficients (Table 1). This
explains why the effect of mastication was larger for them,
than for those compounds, which release rates were lower,
and which were, therefore, not as much affected by depletion
at the interface.

3.2.2. tImax

The time to reach the maximum concentration (tImax) is
presented for the seven volatile flavour compounds inTable 2.
The seven compounds did not differ significantly intImax [F(6,
2 s
a 6%.
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ig. 4. Differences in maximum concentrations (Imax) of seven volatile
avour compounds during dynamic release from sunflower oil in the m
outh by increase of mastication rate as a function of the compound
rophobicity (logP: octanol/water partition coefficients;[17]). The name
f the compounds corresponding to the logP values are shown inTable 1.
8) = 0.097,P= 0.995).tImax was higher for all compound
t the mastication rate of 52 rpm, varying from 6 to 10
owever, this effect was not significant [F(1, 28) = 1.141
= 0.303), which is mainly due to the high coefficient

ariance for the low mastication rate measurements.

.2.3. Initial release rate
Generally, it is assumed that the rate of release is a

ortant factor determining flavour perception. Liquids
ide only briefly in the mouth under consumption conditio
herefore, the linear release rate over the initial 15 s was
ulated as the total amount of flavour released in 15 s, div
y 15 (Table 2). The compounds varied considerably in

ial release rates. However, the mastication rate had o
mall effect. This can also be seen inFig. 2: the initial releas
urves of the various compounds are quite similar for
astication rates. Apparently, in the initial phase, the fla

ompounds are present in sufficient concentrations at th
erface, and therefore, mass transfer is not a limiting fa
et. From about 25 s, mass transfer becomes rate limitin
he release at 26 rpm levels off (Fig. 2).

.2.4. Proportions of the compounds
It not only changed the absolute concentrations of the c

ounds with time (Fig. 2), the proportions of the compound
nd therefore, the balance of the overall flavour, cha
oth with time and with mastication rate. The change
roportions of 2-butanone and 2-heptanone are graph
resented inFig. 5. The contribution of 2-butanone to t
verall flavour decreased rapidly in the first 15 s from
0 to 30% (v/v) of the whole flavour mixture in air. On t
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Fig. 5. Relative contribution of 2-butanone and 2-heptanone to the total con-
centration of seven volatile flavour compounds in air during the course of
dynamic release from sunflower oil in the model mouth using two mastica-
tion rates.

other hand, the proportion of 2-heptanone increased more
gradually: its concentration doubled within the first 60 s. The
different compounds have different odours. In a mixture, it
should be considered that the changes are of such a magni-
tude that it is possible that they have an effect on the overall
flavour perception. To complicate this phenomenon even fur-
ther, a higher mastication rate affected the proportions of the
various compounds differently. It increased the proportion of
hydrophilic compounds, like 2-butanone. However, it consid-
erably decreased (ca. 50%) the contribution of hydrophobic
compounds, such as 2-heptanone. Again, a swift in the flavour
balance may result from these altered proportions.

4. Conclusions

The dynamic release of the seven volatile flavour com-
pounds from sunflower oil was significantly affected by the

type of compound and the mastication rate employed in the
model mouth. Increase in mastication rate increasedImax and
tImax, particularly those of the hydrophilic compounds. How-
ever, the initial release rate over the first 15 s was not af-
fected by the rate of mastication. During the course of release,
the proportions of the hydrophilic compounds to the overall
flavour mixture in air decreased, whereas the proportions of
the hydrophobic compounds increased. Higher mastication
rates, however, increased the proportions of the hydrophilic
compounds and decreased those of the hydrophobic com-
pounds.
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