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ABSTRACT: Two techniques are recognized for the real-time analysis of flavors during eating and drinking, atmospheric
pressure chemical ionization mass spectrometry (APCI-MS), and proton transfer reaction mass spectrometry (PTR-MS). APCI-
MS was developed for the analysis of flavors and fragrances, whereas PTR-MS was originally developed and optimized for the
analysis of atmospheric pollutants. Here, the suitability of the two techniques for real-time flavor analysis is compared, using a
varied range of common flavor compounds. An Ionicon PTR-MS was first optimized and then its performance critically
compared with that of APCI-MS. Performance was gauged using the capacity for soft ionization, dynamic linear range, and limit
of detection. Optimization of the PTR-MS increased the average sensitivity by a factor of more than 3. However, even with this
increase in sensitivity, the Limit of Detection was typically 10 times higher and the Dynamic Linear Range ten times narrower

than that of the APCI-MS.
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B INTRODUCTION

Real-time analysis of flavors is a key technique for measuring
flavor release and understanding the connection between
release and perception. In general, analysis of volatiles in real
time is a powerful technique with three main applications: (i)
measuring exhaled metabolites for medical diagnostics; (ii)
measuring atmospheric gases, including pollutants; and (iii)
measuring volatile release from foods and fragrances. The
challenges that this technique presents are very different from
those of volatile analysis by gas chromatography: in real-time
analysis, the volatiles are sampled continuously and without
chromatography. In consequence, ion mass is the only identifier
of the volatile, and so the ionization must be soft. Ideally, only
the molecular ion is formed; otherwise, discrimination of the
different volatiles becomes complicated or impossible. A
compromise must be found between ionization conditions
that are (i) too soft, which leads to low sensitivity due to
insufficient ion formation and (ii) too energetic, which causes a
reduction or complete loss of the molecular ion due to
fragmentation, a consequence of which is a decrease in the limit
of detection. The optimum conditions will depend on the
molecule concerned. Smaller molecules of interest in the
medical and atmospheric fields, for example, are less fragile, and
so harder ionization conditions can be used without
compromising performance. Thus, within real-time volatile
analysis, different applications have different constraints. The
best analytical conditions for analysis of atmospheric gases are
not optimal for measuring volatiles during eating. In this study,
we optimize and critically compare the two techniques that are
most suitable for real-time analysis of volatiles in food during
eating using an in vitro model.

The development of real-time measurements began in 1979
when Lovett et al.' created an interface for an atmospheric
pressure chemical ionization mass spectrometer (APCI-MS)
that could directly analyze volatiles in breath in real time.
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However, interference from ammonia in the breath limited its
use as a diagnostic tool. In 1983, Benoit et al.” created an
interface that eliminated the problem of ammonia interference.
However, its use required the patient to exhale through the
mouth at a specific rate in order to maintain a sufficient
pressure differential between the interface and the MS. Neither
breathing through the mouth nor exhaling at a specific rate is
natural during eating, and so this interface cannot be used for
real time analysis of aroma. This problem was partially solved®*
by using a permeable membrane to maintain the vacuum of the
MS while allowing volatiles present on the breath to pass into
the MS. However, the membrane permeability was volatile
dependent, making the interface less than ideal. In 1996, Taylor
and Linforth® developed an active sampling interface. Breath
was drawn into the ionization region by using the Venturi
effect, which was induced by dilution gas. This improvement
removed all of the drawbacks mentioned earlier: (i) ammonia
was not a problem; (ii) the subject could breathe naturally
through the nose; (iii) the pressure differential was maintained
automatically, with no constraints on the subject’s behavior;
and (iv) no membrane was needed to maintain the vacuum.
This interface measured the volatiles being released while
eating and breathing normally through the nose. It has since
been commercialized as the MS-NOSE. In this form, it has
been used by a number of groups, particularly the groups at
Firmenich S.A, NIZO Food Research and Quest Interna-
tional.> ' Others chose to create their own version of the MS-
Nose'>™"” On the other hand, Haahr et al**~** designed an
interface based on the Venturi effect outside the ionization
region. However, the flow rates into the MS were very low and
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the temporal resolution was limited because the signal did not
fall to baseline between breaths. Charles et al.** and Warscheid
et al.”* chose a completely different design: the gaseous sample
was pumped at a constant rate into the APCI source and a
liquid mobile phase caused ionization. The need for a constant
flow rate means that this method is not ideal for breath-by-
breath analysis. It is useful, however, for online monitoring of
volatile production during a reaction,”>** where a constant flow
of gas through the reaction vessel can be directed into the
interface.

Proton transfer reaction mass spectrometry (PTR-MS) is an
alternative to the MS-Nose. It was developed in 1995, mainly
for the analysis of atmospheric pollutants and volatile
compounds on the breath for medical diagnostic purposes,”>*®
but not for flavor release.”’ ' The key difference between
breath analysis of metabolites and real time release measure-
ment is the higher data sampling frequency, which is typically
between 20 and 100 ms. However, more recently, PTR-MS has
been used in the study of flavors and fragrances.****™>’

As stated above, both PTR-MS and the APCI-MS have been
shown to be suitable for real time analysis of flavor. However,
the way in which each instrument introduces the volatiles into
the ion sources and ionizes them are somewhat different. The
APCI-MS introduces the volatiles into the atmospheric
pressure ionization source using a venturi effect interface.
The PTR-MS however uses the vacuum of the MS to introduce
the volatiles into the ion source, which is within the vacuum
region of the instrument. In both cases, ionization is achieved
by proton transfer reactions with the H;O+ ions generated
within the ionization sources of each instrument. For APCI-
MS, this occurs in a continuous manner at atrnospheric
pressure and for PTR-MS, this occurs in a semicontinuous
manner under vacuum.”® It should therefore be interesting to
determine how these sample introduction methods and
ionization sources perform when tested under the same real
time conditions.

The aim of this comparison will therefore be to test the
instruments under the same real time analysis conditions (data
sampling rate of 1 data point every 20 ms) with flavor
compounds that cover a wide range of log P, volatility and
functional groups, the results of which should give some
indication to the relative performance under “identical”
operating conditions flow rate, optimal ionization, and
laboratory environment. This comparison has not been done
previously, as few laboratories are equipped with both
instruments.

B MATERIALS AND METHODS

Chemicals. Tests were made on eight common flavor compounds,
which were chosen to cover the different chemical classes (alcohols, ester,
ketones acids, aldehydes, and hetrocyclic groups typically encountered in
flavors) a wide range of log P (0.28—4.51) and a wide range of volatilities
(127-91376 ug/L air). They were obtained in-house: 2-butanone
(CAS No. 78-93-3), E-2-hexenol (CAS No. 2305-21-7), hexanoic acid
(CAS No. 142-62-1), benzaldehyde (CAS No. 100-52-7), 2,3-dimethyl
pyrazine (CAS No. 5910-89-4), ethyl butyrate (CAS No. 105-54-4),
iso-amyl acetate (CAS No. 123-92-2), and limonene (CAS No. 14576-
08-0) with the exception of limonene (>95% purity) all of the
compounds are >98% purity.

Instrumentation. An MS-NOSE system (Micromass ZMD,
Manchester, UK; APCI-MS (Quadrupole)) fitted with a homemade
interface) and an Ionicon PTR-MS (Quadrupole) (Innsbruck, Austria)
with a high sensitivity upgrade were used. In order to ensure equal
transfer of volatiles from the headspace into the PTR-MS the interface
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tubing (1 mm i.d. PEEK) within the heated transfer line was replaced
with 0.5 mm i.d. deactivated fused silica tubing (SGE, Milton Keynes,
UK), which reduced the minimum sampling flow rate to 44 mL/min.
All measurements were made under the same laboratory conditions
using the best operating conditions (manufacturer’s recommenda-
tions) for both instruments. The dwell times and interchannel delays
were set at 20 ms for both instruments.

Headspace Measurements. Headspace measurements were
made on 100 mL of aqueous solution of a single volatile in a 500
mL Schott bottle. It was sealed with a plastic cap fitted with a sampling
port and left to equilibrate for at least 1 h. Following equilibration, the
sampling port was opened and the fused silica of the PTR-MS or the
MS-NOSE was inserted. Sampling time was typically 30 s at a flow rate
of 44 mL/min for both the PTR-MS and the MS-Nose. The baseline
was allowed to return to normal between measurements.

Determination of the Optimum Cone and Drift Tube
Voltages. First, the ions that were formed from each test compound
were determined. The headspace above a 40 mg/L solution was
measured. The effect of varying the drift tube voltage (PTR-MS) and
the cone voltage (MS-NOSE) on the formation of the molecular ions
was determined. The drift voltage was varied from 400 to 600 V in 50
V increments. The cone voltage was varied from 10 to 33 Vin 1 V
increments. Because of the software limitations of the PTR-MS, one
voltage per scan file (m/z 30—250) was applied; thus, five separate
scan files were needed to cover the 400—600 V range (400, 450, 500,
550, 600 V). For the MS-NOSE, it was possible to apply eight cone
voltages within one scan file, therefore requiring only three scan files
per volatile (scan file 1: CV10—17, scan file 2: CV 18—25, scan file 3:
CV 26-33).

Experimental Design for Optimization of PTR-MS. The six key
parameters of the PTR-MS (Table 1) were as follows: flow control of

Table 1. Parameters for Optimization of the PTR-MS and
Their Range of Variation

parameter range units Tonicon predicted effect on ionization”
Uso 50-180 A% no effect
us 50-300 A% no effect
drift 400—600 v biggest effect
UNC 0-10 v no effect (already optimal)
FC 5=7 mL/min can improve ionization
PC 320-370 mbar can improve ionization

“Predicted effects are based on information from the instruction
manual and discussions with Ionicon.

the water vapor into the ionization chamber (FC), pressure control of
the drift tube (PC), source-out voltage (USO), source voltage (US),
drift tube voltage (Drift), and nose cone voltage (UNC). These were
optimized by experimental design (Design-Expert 7 Stat-Ease, Inc,
Minneapolis, MN, USA). A D-optimal design was used with three
levels for each factor. It consisted of 16 center edges, 21 vertices, 1
plane center, and 8 center points. The measurements for these
experiments were carried out using 100 pg/L solutions of the test
volatiles. The PTR-MS was operated in selected ion recording (SIR)
mode. The SIR file contained the molecular ions and fragments
identified in the initial experiments of the test volatiles.

B RESULTS AND DISCUSSION

Preliminary Experiments. Before optimizing the PTR-MS,
headspace measurements were made to determine which ions
were formed when the volatiles are introduced into the
ionization source/drift tube. The only variable for these
experiments was the drift tube voltage, as this parameter is
typically used for optimizing the ionization. It plays the same
role as the cone voltage in APCI-MS: higher voltages increase
ionization, breakdown, and ion declustering. For comparison,
the same samples were also analyzed using the MS-NOSE while
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Figure 1. Effect of the key voltage on ionization. Left column: PTR-MS drift tube voltage. Right column: MS-NOSE cone voltage. The molecular
ion of the flavor compound is labeled M+1.

the cone voltage was changed. For this instrument, all other Figures 1 and 2 show the results for all eight volatiles, with
parameters had been previously optimized. As expected, PTR-MS results on the left and APCI-MS results on the right.
changing the drift tube voltage and the cone voltage altered Ideally, soft ionization should produce large amounts of the
the molecular ion intensity and the amount of breakdown of molecular ion. If present, then it is marked as M+1 in the
the volatile. legend. For the PTR-MS, the molecular ion was not observed
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Figure 2. Effect of the key voltage on ionization. Left column: PTR-MS drift tube voltage. Right column: MS-NOSE cone voltage. The molecular ion

of the flavor compound is labeled M+1.

for E-2-hexenol and hexanoic acid. For the other volatiles, the
molecular jon was higher in abundance than its fragments only
for ethyl butyrate. For the MS-NOSE, the molecular ion was
observed for all volatiles except E-2-hexenol. In addition, the
molecular ion was in higher abundance than its fragments.
These results clearly demonstrate that ionization in the MS-
NOSE is much softer than in the PTR-MS before optimization.
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Experimental Design. The results of the design were first
analyzed by using analysis of variance to determine the
parameters with a statistically significant effect (>95%
confidence) on the ionization characteristics of each volatile.
We then created quadratic models for each volatile, using all
first and second order effects (Design-Expert 7 Stat Ease, Inc.).
After an initial analysis in which all factors were used, the
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Table 2. Optimum Conditions in the PTR-MS for Production of Molecular or Fragment Ions

FC PC USO UsS drift UNC

volatile” std? opt© std opt std opt std opt std opt std opt
2-butanone 7 7 335 335 80 158 100 161 400 400 5.7 7
amyl acetate 7 7 3358 370 80 172 100 174 400 400 5.7 7
amyl acetate 71 7 7 335 344 80 180 100 164 400 400 5.7 6.9
benzaldehyde 7 S 335 338 80 141 100 163 400 400 5.7 7
C6 acid 7 7 335 348 80 172 100 50 400 400 5.7 5.1
C6 acid 73 7 S 335 351 80 180 100 159 400 532 5.7 8
2,3 DMP? 7 6 3358 350 80 50 100 S50 400 400 5.7 7
hexenol 83 7 7 335 363 80 163 100 169 400 400 5.7 7
limonene 7 7 335 370 80 169 100 167 400 400 5.7 7
limonene 81 7 6 335 342 80 180 100 163 400 400 5.7 7
ethyl butyrate 7 7 335 349 80 160 100 154 400 400 5.7 6

“A number after a volatile indicates the m/z of a fragment ion. bStd = manufacturer’s standard conditions. “Opt = optimum conditions. “2,3 DMP =

2,3-dimethyl pyrazine.

models were simplified by eliminating all those with a
significance of p > 0.05. Typically, almost all factors in the
improved models were significant at the level p < 0.0001. A few
remained at significance levels of 0.03, which is still highly
significant. These models were then used to predict the
optimum conditions for the production of the molecular ions
or the largest fragment (hexanoic acid and E-2-hexenol) for all
of the test volatiles. Table 2 shows these results in comparison
to the manufacturer’s standard conditions.

The results were surprising: the manufacturer states that the
drift voltage in the PTR has the largest effect on the formation
of the molecular ion, but it was found to have little influence.
The optimum drift voltages were almost all 400 V, the lowest
possible level. Hexanoic acid was the only exception with an
optimum drift voltage of 532 V, although this was the optimum
for a fragment ion (m/z 73) and not the molecular ion. The FC
and PC do not change much and they have little effect on the
ionization. Paradoxically, the factors that were not expected to
affect the ionization (USO and US)** were those that had the
greatest influence. The UNC, which should never change
according to the manufacturer,® had a significant and positive
effect on the amount of molecular ion. After optimization, the
molecular ion of hexanoic acid was observed. Table 3 shows
how optimization improved the performance. The average
signal intensity was increased by a factor of 3.2 compared with
the standard operating conditions.

Because the PTR-MS cannot have multiple settings during an
analysis (this is not the case for APCI-MS), a compromise had
to be made between the optimum settings for the various
volatiles. The average value for each of the PTR-MS settings
was chosen as a suitable compromise. To confirm that this
compromise was valid, we reanalyzed the samples using
standard (before optimization), optimum, and compromise
settings. Table 3 shows that using compromise conditions gave
an average signal intensity that was 2.4 times higher than the
standard conditions. This confirms that the compromise was in
fact a reasonable one.

Limits of Detection (LODs) and Dynamic Linear Range
(DLR). Using the compromise conditions, the LOD and DLR
of the different volatiles were determined. For each volatile,
aqueous calibration solutions were made with concentrations of
0.001, 0.01, 0.1, 0.5, 1, 10, and 100 mg/L. They were made
from stock solutions containing 200 yL of volatile in 10 mL of
methanol, aliquots of which were then diluted in water. The
corresponding headspace concentrations above the solutions

Table 3. Improvement of the PTR-MS Signal Intensity by
Using the Optimum and Compromise Settings

factor”
volatile optimized compromise
2-butanone 2.0 1.7
amyl acetate 4.0 2.9
amyl acetate 71 33 2.6
benzaldehyde 3.1 2.6
C6 acid 4.6 2.9
C6 acid 73 3.4 2.3
2,3 DMP? 13 11
hexenol 93 4.3 32
limonene 4.1 29
limonene 81 3.3 2.6
ethyl butyrate 22 1.8
average factor 32 2.4

“Optimum or compromise signal intensity/standard signal intensity.
2,3 DMP = 2,3-dimethyl pyrazine.

were calculated using Henry’s law constants; therefore, the
LOD and DLR are quoted as headspace concentrations (ppbv).
Table 4 shows that the MS-NOSE outperformed the Ionicon
PTR-MS for all of the molecules in both the LOD and the
DLR. However, it should be noted that the LODs in this
comparison were determined with a dwell time of 20 ms, which
is somewhat shorter than the 1 min of dwell time (factor of

Table 4. Comparison of Performance after Optimization:
Limit of Detection (LOD) in ppbv and the Dynamic Linear
Range (DLR)

Ionicon-PTR MS-nose

volatile LOD* DLR® LOD* DLR®
2-butanone 9.1 1000 9.1 1000
E-2-hexenol 15.5 1000 1.5 10000
hexanoic acid 14.6 100 1.5 1000
benzaldehyde 1.3 1000 0.1 10000
2,3 DMP* 16.4 200 33 1000
ethyl butyrate 3.5 1000 3.5 10000
amyl acetate 41.9 1000 42 10000

“Minimum concentration measured with a signal-to-noise ratio >3.
YMaximum concentration in the linear range/LOD. 2,3 DMP = 2,3
dimethyl pyrazine.
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3000) that is typically used on a PTR-MS. This could explain
why they are not in the low parts per trillion range that is
typically quoted.

In conclusion, the PTR-MS is a sensitive machine in the
application for which it was originally designed, i.e., measure-
ment of atmospheric constituents that are unlikely to
fragment.”” However, this study shows that for fragrance and
flavor molecules, its sensitivity is severely compromised by
breakdown of the molecular ion and the very short dwell times.
This was quite clearly demonstrated with the tests carried out
here, as in not one of the tests did the PTR-MS come close to
outperforming the MS-NOSE. However, this problem is not
intrinsic to the PTR-MS technique. Its sensitivity could be
improved in two ways: (1) increasing the amount of sample
that enters the drift tube (without compromising vacuum), as
currently only 14 mL/min of 44 mL/min actually enters the
drift tube; (2) reducing the drift tube voltage to below 400 V.
This should decrease the amount of breakdown; however, this
parameter cannot currently be changed by the user.

From the point of view of instrument manufacturers, real-
time analysis of flavors is a niche market. Therefore, as this
study has shown, the recommended operating conditions may
be far from optimum. In addition, because the optimum
conditions for soft ionization of volatiles are molecule
dependent, the right compromise conditions depend on
which molecules are being measured. Therefore, users of
PTR-MS who are willing to optimize the operating conditions
will be rewarded with significant gains in performance. Finally,
it is worth pointing out that all of these results are equally
applicable to fragrance molecules.
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