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A mechanical tooth brushing device coupled to an atmosphere pressure ionization ion trap mass
spectrometer (API-IT-MS) combination has been developed to study the influence of time and
dilution on aroma release from a model dentifrice system. API-IT-MS response to nine commonly
used dentifrice flavor components was initially studied. Linear regression models were developed
based on an exponential dilution method (EDA) to permit quantification of these compounds. Good
linear fits were generated for the majority of compounds (R? > 0.92). The threshold detection limits
were also calculated, and they greatly depended on the type of aroma compound. A brushing device
was then coupled to the API-IT-MS and used to monitor the release profile of three aroma
components from a model dentifrice system at flavor concentrations ranging from 0.1 to 20 mg
g '. Large differences in the aroma release patterns were observed for different compounds
(limonene, menthone and cinnamic aldehyde) that depended on their physicochemical character-
istics (vapor pressure and log P), and on additional factors such as aroma—matrix interactions. In
addition, a linear increase in API-IT-MS response with increased flavor concentration up to 1 mg g~*
flavor was observed, while at higher concentrations, e.g. between 1 and 20 mg g~ ', a plateau in
response was noticed. This suggests that at concentrations above 1 mg g~ ' a transition from a
purely dissolved state to an emulsified state occurred. This fact influenced the time-dependent

characteristics of the release curve (lhax and fax) for the three assayed flavor compounds.
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INTRODUCTION

Aroma volatiles are essential in characterizing the flavor and
olfactory character of consumer products, and are often the most
important factor driving sensory perception. Aroma contributes
to a product’s uniqueness, drives consumer preference and can
even contribute to the perception of efficacy (7). In the case of oral
care products such as dentifrices, flavor is undoubtedly one of
most important attributes influencing consumer acceptance and
liking of a product.

Two factors are essential in determining the aroma driven
sensory profile of a product: the concentrations of aroma
compounds present and the degree to which these compounds
are released from the product matrix. The latter is specifically
what determines the perceived sensory quality of the product. The
matrix composition and the spatial distribution of the key
ingredients (macro- and microstructure) greatly influence the
interactions between aroma compounds themselves, as well as
interactions with matrix components, and therefore determine
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aroma release (2). A large body of work has been conducted in the
food science field to determine the effect of these interactions on
aroma release from foods and on their effect on aroma percep-
tion (3). However, there is little related work published on
cosmetics, toiletries and oral care products.

Generally speaking, a dentifrice gel is a complex matrix that
contains water, humectants (e.g., sorbitol, glycerin, or propylene
glycol) and an array of other ingredients including hydrocolloids,
abrasives, surfactants, flavor compounds, salts and coloring
agents. The complexity of the matrix and the chemical and
physical nature of the various ingredients within it significantly
influence the release of aroma compounds during brushing.
Furthermore, the dynamic nature of the brushing process, i.e.
the dilution of the dentifrice as well as the mechanical action that
takes place, is also important and should be addressed when
developing methods to quantify flavor release. Prior studies
published on aroma release from dentifrices have focused on
static headspace analysis techniques (4 —6). For example, a study
has been published on the suitability of SPME to sample the
aroma compounds that remain in the oral cavity after tooth
brushing (7). While static headspace analysis provides valuable
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Table 1. Aroma Compounds Studied for Their Performance in the API-MS Instrument and Some of Their Physicochemical Properties

physicochemical properties

VPb,d
compd vol? (uL) CAS registry no. MW BP?° (°C) (mmHg 25 °C) log P*®

limonene 600 138-86-3 136 176 1.55 4.83
menthone 200 10458-14-7 154 207 0.37 3.05
menthol 50 89-78-1 156 212 0.0637 3.40
methyl salicylate 500 119-36-8 152 223 0.0343 2.55
carvone 200 99-49-0 150 279 0.103 2.7
cinnamic aldehyde 600 104-55-2 132 246 0.0289 1.9

anethole 550 104-46-1 148 234 0.070 3.39*
menthyl acetate 550 8948-5 198 227 0.0913 4

eugenol 500 97-53-0 164 253 0.0226 2.27

2L of each compound injected into the 500 mL flask. © Experimental values obtained from EPI Suite database from EPA (2000). The values with an asterisk are estimated
values from KOWIN v.1.67 (included in the Software EPI Suite). °BP: boiling point. ¢ VP: vapor pressure. °log Ko,: log partition coefficient octanol/water.

findings with regard to the behavior of aroma compounds within
dentifrice matrices of various compositions, it fails to capture the
dynamic nature of product usage in real time during brushing,
since the effect of time, dilution and mechanical action are not
taken into account. Therefore, a more appropriate methodology
is needed to quantify these real-time effects.

Proton transfer reaction mass spectrometry (PTR-MS) and
atmospheric pressure ionization mass spectrometry (API-MS)
have successfully been employed for the analysis of aroma release
during food consumption when coupled with artificial mouth
devices (7—11) or directly in vivo (12—14). However, there are no
published works on using use these techniques in aroma release
studies from oral care products despite their value in helping to
understand the key dynamic factors driving aroma release and to
better predict aroma perception in real time. Therefore, this work
has focused on the study of the reliability of atmosphere pressure
ionization ion trap mass spectrometry (API-IT-MS) for the
analysis of aroma release from a model dentifrice using an
artificial “mouth” for simulating tooth brushing in real time.

MATERIALS AND METHODS

Aroma Compounds. Nine aroma compounds of varying physico-
chemical properties and representative of dentifrice flavoring blends were
analyzed by API-IT-MS to determine the instrument sensitivity to them
(e.g., determine detection thresholds and linear ranges). The aroma
compounds and some of their physicochemical properties are shown in
Table 1. All compounds were provided by the Colgate Palmolive Com-
pany (Piscataway, NJ) and were of a purity level higher than 90% by GC
analysis.

Exponential Dilution Analysis (EDA). The analytical characteristics
(detection thresholds and linear range) of the API-IT-MS for all nine
aroma compounds were determined using exponential dilution analysis
(EDA). This methodology is based on the dilution of volatile compounds
confined in a flask (in the gas state) when a constant gas flow is applied.
The dilution of the volatile compounds follows an exponential decay curve
in which it is possible to calculate the concentration of the compounds in
the exiting gas stream at any time using eq 1:

Cr=Coe /M) (1)

where C, is the concentration of volatile compounds at time #; Cy, the initial
volatile concentration in the exponential dilution flask; F, the flow rate of
the dilution gas; V, the volume of exponential dilution flask; and ¢, time
after starting the dilution.

To perform EDA analysis a gas-phase mixture of aroma compounds
was prepared by injecting known amounts of each volatile compound
(Table 1) into a 500 mL sealed flask through a rubber septum by using a
gas syringe. Volatilization was enhanced by using a stirring bar and
heating the flask in a water bath at 40 °C. After 3 h of equilibration, 5 mL
of headspace was injected into a second sealed flask (serving as the
exponential dilution chamber) of 274.5 mL of volume through a septum.
To minimize the possibility of condensation in the syringe or flask, the
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Figure 1. Device for simulating tooth brushing: (a) purge gas entrance;
(b) outgoing gas with volatile compounds to the API-IT-MS; (c) brush
connected to an electric lab mixer; (d) septum to avoid gas leaks;
(e) water-jacketed glass flask; and (f) dentifrice slurry.

syringe was warmed before sampling and the dilution flask was maintained
at40 °C. After I min of equilibration, a constant air flow was applied to the
exponential dilution flask (104 mL/min). The sample exiting the exponen-
tial dilution chamber was directed into the API-IT-MS through a sample
transfer line. Ideal gas law equations were used to predict the initial volatile
concentration injected into the exponential dilution chamber and the
dilution rate.

Device for Simulating the Brushing Conditions. To simulate the
dynamic conditions experienced during tooth brushing, a special device
was built (Figure 1). This device consists of a water-jacketed glass flask
with three orifices: the first permits clean air entry into the flask to purge
the sample (104 mL/min), a second is the purge gas outlet which is
connected though a heated transfer line (90 °C) to an adapted API-IT-MS
inlet (15), and a third for the introduction of a brush connected to an
electric lab mixer (simulating brushing) with digital speed control. This last
orifice is firmly sealed around the brush shaft with a septum to avoid leaks
from the flask. During the experiment setup, the brush assembly is
removed and the dentifrice sample is added to the apparatus using a
20 mL plastic syringe containing 15 mL of dentifrice gel. Then 30 mL of
deionized water is added to the apparatus and the brush is introduced into
the flask and connected to the mixer. This device was not designed to
simulate exactly what occurs in the mouth but to provide a device that can
reproduce the dynamic effects of dilution and mechanical action, asso-
ciated with a brush dissolving a paste in a small amount of liquid with
continued agitation over a period of 3 min.

Dentifrice Model Systems. A model dentifrice containing sorbitol
(500—600 g kg™"), polyethylene glycol (10—50 g kg™"), carboxymethyl-
cellulose (5—10 g kg™ "), sodium saccharine (1—5 g kg™"), sodium fluoride
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Table 2. Theoretical Models for the Prediction of Concentration (C) and Estimated Models for the Prediction of lon Intensity in the API-IT-MS Measurement (|) Based
on the Exponential Decay Equation (y = y, + y1 ¢ *) for Nine Representative Aroma Compounds of Dentifrices

minimal detection instrument response =

compd targeted ion C, theoretical model I, estimated model R RSD? Yo + 3 x RSD
limonene 137 10588.5 ¢ 057 24287.4 + 1865100 e~ 05041 0.981 32131 120680
menthone 155 1017.0 ¢ 037 41060.8 + 628068 e~ *4%1 0.989 10810 73620
menthol 157 229.6 ¢ 037 17152.2 ¢ 00 0.317 3860 11580
methyl salicylate 153 12944.6 ¢~ 037 8858.5 + 1028000 ¢ O-%8"8 0.985 17717 62000
carvone 151 1117,7 e 037 12851.9 + 121038 ¢ %13 0.843 11865 48448
cinnamic aldehyde 133 133315 ¢~ 037 9926.7 + 149434 ¢~ 0-819%8! 0.946 6404 29139
anethole 121 10575.2 ¢ 037 3874.2 + 46380.9 ¢~ 04338 0.948 2900 12573
menthyl acetate 199 7668.2 e 0579 16336.9 + 60535.2 ¢~ 519! 0577 4883 30695
eugenol 165 716.4 ¢ 057 8678.0 + 10873.2 ¢~ 0092 0.305 4320 21638

#RSD = residual standard deviation; API-IT-MS response in counts per second (cps).

(243 gkg ™1, tetrasodium pyrophosphate (1—5 g kg ™), water (80—200 g
kg "), silica abrasives (200—250 g kg™ "), sodium lauryl sulfate (10—20 g
kg ') and betaine (10—15 g kg~ ') was prepared by Colgate using a high
shear blender traditionally used in the industry. This model dentifrice was
used to study the relationship between the API-IT-MS response and the
aroma concentration in dentifrices under conditions simulating tooth
brushing.

A model flavoring mixture was added to the model dentifrice at various
concentrations. This mixture contained equal proportions of a subset of
three of the nine model aroma compounds (cinnamic aldehyde, limonene
and menthone). These three specific compounds were chosen based on
their physicochemical properties, which span the ranges of interest in terms
of log P and volatility. Six different aroma concentrations were tested in
the dentifrice model systems (0.1, 0.5, 1, 5, 10, and 20 mg g~ "). All were
prepared by dilution of a 20 mg g~' sample.

API-IT-MS Sampling and Operating Conditions. Once the sample
and water were in the device and the brush was sealed on the apparatus, the
purge gas flow was opened (104 mL/min) and the mixer turned on (300 rpm).
An API-IT-MS system (LC-Q ion trap, Finnigan MAT/ThermoQuest,
San Jose, CA) instrument coupled to a venturi inlet system (/5) was used
for analyzing volatiles released from the tooth brushing device. All the
samples were analyzed in triplicate.

API-IT-MS operating conditions were as follows: vaporizer tempera-
ture, 400 °C; capillary temperature, 150 °C; capillary voltage, 15V, corona
discharge needle voltage, 6 kV; plasma current, 5 uA,; sheath gas, nitrogen;
pressure, 80 arbitrary units (5.7 L min~"); auxiliary gas, nitrogen; pressure,
60 arbitrary units (7.5 L min~"); flow rate of sample into the source, 90 mL
min~". The instrument worked in positive ion and full scan mode with a
scan rate of 0.03 s per mass.

While data were collected for 3 min, only data on aroma released
between 0 and 2.5 min were used in calculations. The aroma release curves
represent the intensity of one ion/compound from which different para-
meters were calculated to compare aroma release between different
samples. The parameters calculated were I, (maximum intensity of
release) and AUC (the area under the curve), which represents the total
release of one compound during the time frame ¢ = 0 to 2.5 min. The
values (I, and AUC) corresponding to the parent ions (MH™) of all the
aroma compounds were used in the data analysis except for anethole, for
which fragment m/z 121 was used. Xcalibur Software v.1.2 from Finnigan
Corp. was used for data acquisition and analysis.

Statistical Analysis. For EDA experiments the first order exponential
decay model (e.g., ¥ = yo + y1 € *") was used to calculate the theoretical
concentrations to compare to the API-IT-MS response versus time. In the
model, y, is the offset, y; is the amplitude and k is the decay constant.
Nonlinear regression analysis was used to estimate the parameters of the
model. A first estimation of the value of the detection limit for each aroma
compound was obtained as the concentration corresponding to a value of
the API-IT-MS response equal to the offset plus 3 times the residual
standard deviation (yy + 3 x RSD) obtained from a nonlinear regression
fit. The linear range we report is not literally accurate in the sense that the
instrument generally gave a linear response at the highest concentration
tested in the EDA analysis so that the upper limit noted here is generally
not the true upper limit of the instrument, but the upper limit of our testing
for linearity.

Linear regression analysis was used to estimate the linear relationship
between AUC and I, extracted from the aroma release curves using the
tooth brushing device and the percentage of aroma compound in the
model dentifrice systems. In all cases, STATISTICA program for Win-
dows version 7.1 (StatSoft Inc., 2005, www.statsoft.com), was used for
data processing.

RESULTS AND DISCUSSION

Analytical Performance of API-IT-MS for Representative Den-
tifrice Aroma Compounds. To obtain reliable quantitative data
with an API-IT-MS, the determination of detection thresholds
and linearity of the instrument response for compounds is an
essential step. It has been shown that different types of API-MS
instruments (or source inlets) can result in different sensitivities
and linear ranges for the same aroma compounds (/5—17).
Therefore, it was necessary to calculate the detection thresholds
and the response linearity of the API-IT-MS instrument used for
the analysis of the aroma compounds selected. This was also
useful in that API-IT-MS data for the aroma compounds
typically used in cosmetics, toiletries and, in particular, dentifrices
is scarce in the literature. These compounds have specific phys-
icochemical characteristics of low volatility and high hydropho-
bicity (see Table 1) that can be problematic when utilizing this
technique.

As noted earlier, linearity and detection thresholds were
determined using an exponential dilution method (EDA). The
advantages of this approach compared with the conventional
serial dilution of a standard solution (or several standards) used in
other works (15, 16) is that, in the latter, the number of
concentration points necessary to cover the range of concentra-
tion of interest is limited by the time-consuming nature of the
process. However, the use of EDA for calibration purposes has
been shown to provide a means of continuously varying analyte
concentration as a well-defined function of time (/8). Theoretical
models representing the decay in the concentration of aroma
compounds based on the dilution rate applied in the exponential
flask were calculated. Ideal gas law equations were used to predict
the initial volatile concentration injected into the exponential
dilution chamber and the dilution rate.

Table 2 shows the theoretical models calculated for the decay in
the concentration of each aroma compound as a function of
dilution time. The constant in each model represents the ratio
between the gas flow into the dilution chamber and its volume
(F/V). Figure 2a shows an example of the theoretical values
corresponding to the concentration of limonene versus time.
Table 2 also includes the results corresponding to the nonlinear
regressions applied to estimate the experimental API-1T-MS
response versus time and the statistical parameters to judge the
adequacy of the fit, specifically, the coefficient of determination
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Figure 2. Plots corresponding to the theoretical model for the prediction of the concentration of limonene (on the left) and the experimentally estimated model
for the prediction of the API-IT-MS intensity of the mass m/z 137 (limonene) (on the right).
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Figure 3. Relationship between instrument response (y) and gas phase
concentration (x) obtained by linear regression EDA data for limonene
monitoring m/z 137.

(R?) and the residual standard deviation (RSD). In addition,
Figure 2b shows the API-MS response versus time experimentally
obtained for the ion m/z 137 corresponding to limonene.

Asisshown in Table 2, the estimated model showed, in general,
adequate fits for most of the aroma compounds. In this sense, R>
was > 0.9 for masses m/z 137, 155, 133, 153, and 121, correspond-
ing to limonene, menthone, cinnamic aldehyde, methyl salicylate,
and anethole. The fit for carvone (m/z 151) resulted in a lower but
yet acceptable R> = 0.84. In all of these cases, the decay rates for
the intensity followed a similar trend to those predicted in the
theoretical models for the concentration decay. However, the fits
obtained for menthol, menthyl acetate and eugenol (m1/z 157, m/z
153 and m/z 165) were very poor, with R*> < 0.6 in all three
cases. This was mainly because of the low signal that these
compounds generated in the API-IT-MS instrument. Low vapor
pressure, incomplete volatilization in the dilution chamber, or
condensation in the volatilization flask or the analytical instru-
ment itself could have been potential causes for the poor response
observed.

The exponential dilution models for the concentration of
volatile compound (theoretical) and for the API-IT-MS response
(experimentally measured) were plotted as Ln(API-MS ion
intensity) versus Ln(concentration), and a linear regression
analysis was performed. An example of the linear regression
calculated for the intensity of mass 71/z 137 versus the concentra-
tion of limonene is shown in Figure 3. A similar analysis was

conducted for all nine flavor compounds (Table 3). The linear
model obtained for each aroma compound, and the linear range
limits (highest and the lowest aroma concentration in the gas
phase) and the detection limits (ppb) extracted from the API-IT-
MS responses, are summarized in Table 3. As noted in Materials
and Methods, the upper limits reported are not necessarily the
true upper limits of instrument linearity but only represent the
upper limit tested: We expect that the true upper limit would be
significantly above that determined in testing. Issues of assuring
thatall of a given aroma compound is volatilized in the EDA flask
and there was no condensation in the apparatus at any point
limited the upper concentrations of testing. We acknowledge that
in some instances we were working at concentrations exceeding
our assurance of instrument linearity. However, the work of
Buffo et al. (15) has shown the signal of this API-IT-MS increases
well beyond the upper limit of linearity so we would definitely see
an increase in instrument response, albeit nonlinear which would
confound absolute quantification, at higher concentrations.

The statistical estimators of the adequacy of the fit (R* and
RSD) were also tabulated. Good linear fits were generated for the
majority of the compounds analyzed, including limonene, menthone,
cinnamic aldehyde and methyl salicylate (R* > 0.92), as well as
anethole and carvone (R* = 0.84 and 0.73 respectively). Menthyl
acetate showed an acceptable R (0.87) although the linear range
was very narrow, probably due to a very high detection limit
(>4000 ppb), the highest of all the aroma compounds studied
here. Linear fits were not generated for menthol and eugenol,
since, as shown before, the detection of these compounds by API-
IT-MS was very poor. The low vapor pressure of these com-
pounds was likely the limiting factor for the application of EDA
and API-IT-MS for calibration purposes.

The detection limits greatly depended on the type of aroma
compound under analysis. In this case, interestingly, the detection
limits for menthone and carvone were very low, even lower than
those calculated for much more volatile common food flavor
compounds (e.g., ethyl butyrate or cis-hexenol) using the same
instrument but a different calibration procedure (15). Limonene
showed a detection limit of 244 ppb that is very similar to that
calculated for other much more volatile compounds such as
benzaldehyde (210 ppb) in the above-mentioned study. There-
fore, in the case of aroma compounds with higher vapor pres-
sures, the calibration using EDA gave very good results in terms
of sensitivity. The rest of the compounds showed detection limits
between 400 and 700 ppb.

Except for menthyl acetate, the linear ranges were about three
orders of magnitude. The upper limits for linearity were approxi-
mately 10,000 ppb (except for menthone and carvone), which are
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Table 3. Linear Calibration Models y = Ln(API-MS intensity) versus x = Ln(concentration), Detection Limits and Linear Ranges of Nine Representative Aroma

Compounds of Dentiftices

linear calibration linear range detection limit
compd model R RSD? (ppbv?) (ppbv°)

limonene y =5.6943 + 0.9024x 0.986 0.107 244—8103 244
menthone y=7.6426 + 0.8063x 0.979 0.102 66—1096 66
menthol

methyl salicylate y=1.3822 + 1.2947x 0.975 0.168 665—10938 665
carvone y=9.4771 + 0.3374x 0.824 0.456 20—1096 20
cinnamic aldehyde y=5.5811 + 0.6625x 0.924 0.185 403—13359 403
anethole y=2.7054 + 0.8631x 0.842 0.292 665—9897 665
menthy! acetate y=—9.92 + 2.3573x 0.874 0.171 4023—8103 4023
eugenol

2RSD = residual standard deviation. ° The upper limit only corresponded to that tested in the EDA experiment. ° Concentration in the gas phase expressed as part per billion by

volume.
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Figure 4. Aroma release curves (intensity vs time) from a dentifrice
flavored with 1 mg g~ of an equal mass mixture of three model aroma
compounds.

similar to those described for API-MS and other food volatile
compounds such as ethyl butyrate and cis-3-hexenol in water (/4).

Aroma Release under Tooth Brushing Conditions. The study of
aroma release in real time can be used to describe the release of
flavor components from toothpastes during brushing and to
establish the factors driving flavor release as influenced by
product composition. In order to study aroma release from
dentifrices, a tooth brushing device was built and coupled to
the API-MS (as explained in Materials and Methods). The
apparatus was not necessarily designed to replicate the exact
process of tooth brushing but rather to reproducibly reflect the
nonequilibrium conditions associated with brushing: for exam-
ple, the release of flavors from the dentifrice upon dilution in
water (saliva in the mouth) under mechanical action (a rotating
brush).

A model dentifrice composition flavored with a blend of equal
amounts of three of the nine flavor compounds described in the
previous section, namely, cinnamic aldehyde, limonene and
menthone, was used to check the performance of the device.
The aroma compounds were chosen to be representative of the
range of compounds usually used in dentifrice formulations (in
terms of functional groups, hydrophobicity and volatility) and
also because of the ability to monitor them via API-MS.

The release of these three flavor compounds was monitored
following the procedure outlined in Materials and Methods, and
the aroma release curves obtained are shown in Figure 4. This
figure illustrates the changes in instrument response (by compar-
ison of the intensity at each time in relation to the I,,,) across
model compounds reflecting differences in volatile release to each

compound. As can be seen, although the three compounds
reached the maximum intensity almost at the same time (above
0.4 min), differences were observed in the release pattern during
the simulated brushing. The release of cinnamic aldehyde (mass
m/z 133) was the lowest of three compounds. In addition, a drop
in the release was observed immediately after the compound
reached the I,,,,.. However, also observed was an increase in its
intensity of release halfway through the “brushing”, reaching, at
the end, very similar values to its I, Interestingly, the release
pattern observed for the other two compounds was greatly
different. Although the absolute value of menthone release
(m/z 155) was higher than that of limonene (m/z 137) (data not
shown), both compounds showed similar release patterns. A
slight difference is that menthone release decreased initially
before reaching a constant value while limonene release decreased
very little over time maintaining a value close to its maximum
release.

The main factor controlling the release of the aroma com-
pounds was the rate of mass transfer across the air:dentifrice
slurry interface. Mass transfer rate of a volatile component across
a gel:air interface is primarily dependent upon the vapor pressure
differential across the interface and any physical barriers to its
diffusion to or across the interface. Therefore, when considering
the effect of various dentifrice ingredients on flavor release
(volatiles), their effect on both the vapor pressure of the indivi-
dual matrix components and various flavor compounds in it as
well as on the diffusion process within the matrix should be taken
into account. The interactions between the compounds can affect
their vapor pressures, as well as the diffusion rate to the interface
and as a result will impact the rate of mass transfer across the air
interface. With respect to the diffusion of components within the
matrix, the main physical barrier consideration would be the rate
of dispersion into the aqueous phase upon dilution. For example,
the flavor release from a dentifrice composed of hydrocolloids
that slowly disperse/dissolve in water would be expected to be
initially lower than one that quickly dissolves/disperses upon
dilution. Chemical and spatial interactions between the matrix
and the flavor components also need to be considered.

When considering the release of three model flavor compounds
(limonene, menthone and cinnamic aldehyde) from the same
dentifrice matrix (Figure 4), the differences observed in instru-
ment response are likely the result of a combination of the above-
mentioned factors. First, the impact of vapor pressure differences
across the compounds is considered. In their pure state, limonene
and menthone have much higher vapor pressures than cinnamic
aldehyde (Table 1), and this same trend seems to hold true in the
dentifrice system as well, since the instrument response was much
lower for cinnamic aldehyde than for limonene and menthone.
Likewise, the hydrophobic character of each of these compounds
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(i.e., log P, Table 1) also plays a role, as the more hydrophobic
ingredients are driven out of the slurry and into the gas phase in
greater quantity, upon dilution. The results from our experiments
are somewhat consistent with this, since again, cinnamic alde-
hyde, for which the instrument response was the lowest, is far less
hydrophobic than the other two compounds. However, if we
compare the release curves for limonene versus menthone
(Figure 4), the results clearly indicated that there are additional
factors to be considered in the release of these flavors from a
dentifrice matrix. Limonene was released to a lower extent than
menthone (data not shown), however, based on vapor pressures
(pure state) and log P alone, limonene should have been released
in a greater amount. However, this compound showed a constant
release during brushing, while menthone, that was more released
in absolute intensity (data not shown), was progressively being
less released along brushing (Figure 4). Interactions between
matrix ingredients and various flavor components are likely to
have changed the vapor pressure of these compounds relative to
their pure state. Changes in viscosity of the medium have also
been shown to have an effect of flavor release from food
systems (19, 20) and are likely to play a role here as well. One
also notes that, if the volatile compounds exceed their solubility
limits in the dentifrice matrix, the formation of flavor emulsion
droplets occurs, and this may also impact the dynamics of flavor
release (21).

We propose that the differences in the mass transfer rate
observed across our volatiles were mainly caused by differences
in vapor pressure between volatiles. This vapor pressure differ-
ential is a result of the inherent volatility of the compounds, their
solubility limits in the dentifrice matrix, and interactions (physical
or chemical interactions) with the dentifrice components For
example, chemical interactions between aroma compounds con-
taining carbonyl groups, such as aldehydes and polysaccharides
and hydrocolloids, have been previously described in different
food products (22, 23). Furthermore, physical entrapment of high
log P compounds by certain network-forming hydrocolloids such
as starch, xanthan and carrageenan have been also previously
described (19, 20, 24). More recently, Potineni and Peterson (25)
have shown in chewing gums that some polyalcohols, such as
sorbitol (an ingredient of our dentifrice systems) or glycerine, can
interact with cinnamic aldehyde forming hemiacetals thereby
modifying aroma release.

The effects of flavor concentration and ingredient interactions
on aroma release are explored in the following sections.

Influence of Flavor Concentration on API-IT-MS Response. To
be able to use API-IT-MS to quantitatively monitor the release of
aroma compounds from dentifrices, we must know the effect of
aroma compound concentration on API-IT-MS response. While
that requirement seems too obvious to be stated, the concern is
with detection limits and linearity in instrument response: very
high levels of flavorings are used in dentifrices. According to the
classical partitioning mechanism that governs the release of
aroma compounds dissolved in a matrix, the theoretical equation
for the release of volatiles into a flowing gas is given as (26)

dm/dt = hD Agelee (1) — ce(t)] 2)

In this equation, dm/dt is the rate of mass transfer from the
matrix to the gas phase, hD is the overall mass transfer coefficient,
Agc is the surface area of gas/matrix interface; ¢.'(7) is the
concentration of aroma compound at gas/matrix interface (gas
phase) and c.(7) is the concentration of aroma compound in the
continuous phase of the matrix.

While seldom explicitly stated, there is an upper limit to the
validity of this equation to quantitatively predict aroma release
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into a flowing gas phase. When the continuous phase of a model
food (dentifrice) system becomes saturated with a given volatile,
we would expect there to no longer be a linear relationship
between the concentration of a volatile compound in a matrix
and release into a flowing gas stream. At concentrations above
solubility limits, one would expect emulsion formation to occur
assuming adequate shear is provided to the system. An emulsion
would have the same vapor pressure as the pure substance/
mixture, and thus, release would no longer be concentration
dependent. Therefore, we could expect a linear relationship
between the API-IT-MS response with increasing aroma com-
pound concentrations in the dentifrices only until saturation of
the aqueous phase.

The above hypothesis was tested using model dentifrice sys-
tems aromatized with different flavor concentrations (0.1 to 20
mg flavor mixture [equal wt mixture of all three compounds] g~
model dentifrice) using the artificial brushing device. The results
of this experiment are shown in Figure 5. To facilitate comparing
the results, the intensity of mass m2/z 133 (cinnamic aldehyde) was
increased 10x in this figure. As indicated by the results, there was
a linear increase in MS response with increased flavor concentra-
tion for all compounds for concentrations up to 1 mg g~ flavor.
However, at higher concentrations, between 1 and 20 mg g~ ', a
plateau in response was observed. It appears that there was a
reduction in instrument response in the case of mjz 155
(menthone) and m/z 137 (limonene) at the highest concentrations
within the 2 min time frame of the experiment. At ca. | mg g '
flavor the aqueous phase (in the dentifrice:water slurry) may be
already saturated and the aroma compounds likely form a
second, noncontinuous phase (an emulsion). Adding more aroma
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to the system would not increase the concentration in the
continuous phase but rather is likely to affect the emulsion
properties (e.g., droplet number and size). Differences in the
release of flavor components from droplets versus dissolved
flavors have been observed and suggest that the release from
droplets occurs via a mechanism that differs from the classical
partition mechanism established for dissolved flavors (27). The
existence of flavor droplets (i.e., emulsion) may influence the
time-dependent characteristics of the release curve, more specifi-
cally the maximum intensity of release, I, and the time at
which this maximum occurs, f,.c. As demonstrated by Taylor
and co-workers (21), when flavor emulsion droplets are present,
the shape of the real-time release profile is significantly different
from the gradual release profile observed when the flavors are
dissolved. More specifically, the maximum flavor intensity (/)
increases and the time at which the maximum occurs (¢yay)
decreases. Furthermore, the larger the droplets, the higher the
Tnax-

In the dentifrice matrix, the effect of flavor concentration on
the release profile shows a transition at the saturation concentra-
tionof | mg g~ " thatis consistent with the transition from a purely
dissolved state to an emulsified state. Figure 6 shows the release
profile for limonene as a function of total flavor concentration in
the matrix. At flavor concentrations below 1 mg g™ " the release is
gradual, whereas above this saturation concentration the release
quickly increases to a maximum and then decreases. The same
was observed for menthone and cinnamic aldehyde. In the case of
cinnamic aldehyde, the saturation point occurred at a higher
concentration of 5 mg g~', due to its lower log P and volatility
and hence increased solubility in the matrix compared to limo-
nene and menthone. I, and #,,, values for each of the three
flavor compounds were quantified from the real-time release
profiles (Figure 7). A sharp decrease in f,,x Was observed above
the saturation point (Figure 7a). The maximum intensity plotasa
function of flavor concentration showed two distinct slopes
followed by a plateau (Figure 7b). The initial increase in I,y
can be attributed to the increase in the aroma compound
concentration dissolved in the continuous phase, while the slope
following the point of inflection, in the concentration range 1—10
mg g~ ', may be attributed to an increase in the size of the
emulsion droplets (21). Cinnamic aldehyde, having a much lower
log P and vapor pressure and a much higher boiling point than
menthone and limonene, shows slightly different release behavior
as flavor concentration increases.

From the findings described in the later portion of this work, it
is generally concluded that the flavor release of aroma com-
pounds from a dentifrice matrix changes with increasing con-
centration, even at concentrations that are above the solubility
limits of the compounds in the matrix. Quantifying the relation-

ship between instrument response and concentration of aroma in
dentifrice systems then becomes a futile exercise since any linear
regression models that may be calculated to relate instrument
response to the actual aroma concentration in the matrix will only
be valid within the linear portion of the aroma release curve,
essentially between 0 and 1 mg g~ flavor. These concentrations
are much lower than what is typically used in a commercial
dentifrice. The qualitative description of flavor release at higher
concentrations is in practice of greater value.

Conclusion. In this work, a mechanical brushing device coupled
with API-IT-MS has been developed which mimics the influence
of time and dilution on the subsequent aroma release from denti-
frices. This combination of instruments allows the profiling of the
real-time release of most of the typical aroma compounds used in
dentifrices under nonequilibrium conditions. This technique may
only be used quantitatively for components that are present in
concentrations below the solubility limit in the matrix. At con-
centrations above this limit, nonlinear instrument responses are
observed due to a saturation of the dentifrice continuous phase.
In this case, the methodology developed may be used qualitatively
and comparatively, but without the possibility to calculate actual
concentrations of the components that are being released. The
composition of the dentifrice matrix and interactions between
matrix ingredients and the flavor components are likely to affect
the saturation concentrations for various compounds, therefore
influencing the flavor release profile. Such interactions are the
focus of future work in this area.
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