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1 | INTRODUCTION

Rationale: Fragrances are organic compounds with pleasant odors that are widely
used in every aspect of our daily life; some fragrance ingredients can cause allergic
reactions. Hence, the qualitative and quantitative analysis of fragrance allergens can
prevent consumers coming into contact with these compounds. In this study, we
evaluated the ability of a dielectric barrier discharge ionization (DBDI) source for
analyzing allergens that occur in fragrances.

Methods: A home-built liquid-infusion device was used to evaporate the liquid
samples. An active capillary plasma ionization source, which is based on a dielectric
barrier discharge, was used to ionize the analytes. Mass spectra were acquired in
positive ion mode with an LTQ Orbitrap mass spectrometer.

Results: Seven typical fragrance allergens were analyzed in this study. The limits of
detections (LODs) were as low as 0.0001 ppm and a linear dynamic range of 2-3
orders of magnitude was achieved. Allergens in five different perfume products were
successfully analyzed and quantified by this method, with analysis times of less than
1 min per sample.

Conclusions: This work introduces a DBDI-MS-based analytical method for detecting
and quantifying fragrance allergens. Since DBDI has the advantages of high
sensitivity, simple operation and fast analysis time, it is very suitable for the rapid
analysis of trace allergens in fragrances, and could easily be used for quality control

of consumer products in the cosmetics market.

Non-Food Products Intended for Consumers (SCCNFP) identified
26 compounds that may lead to allergies in human beings; these are

Fragrances are organic compounds with pleasant or sweet odors either
obtained from natural sources or produced synthetically, which is often
cheaper and saves resources. Natural fragrances contain ingredients of
natural origin, for example, essential oils, resins and animal secretions.
Synthetic fragrances are compounds that may or may not exist in
nature.! Nowadays, there are more than 3000 chemical substances
in use as fragrances in every aspect of our daily life, for example, in
perfumes, deodorants, aftershave products, shampoos, conditioners,
laundry products, cleaning products, and so on.?

Although fragrances predominantly produce pleasant scents and
help to mask unpleasant odors, some fragrance ingredients can cause
allergic reactions. The Scientific Committee on Cosmetic Products and

termed fragrance allergens.? The legal situation concerning these
fragrance allergens in cosmetic products is that if the concentration of
the 26 fragrance allergens exceeds 10 ppm (leave-on cosmetic
products)/100 ppm (rinse-off cosmetic products), they must be
labeled on cosmetic products, alerting consumers to avoid the risk of
sensitization that may occur.? However, it is not easy to detect
allergens in fragrances that cause allergic reactions, because fragrance
ingredients are complex, and the composition ratios of different
brands are different.> Many ingredients are commercial secrets and
are not disclosed. Therefore, it is difficult for allergy sufferers to
determine which ingredients in fragrances they are allergic to, and it is
also difficult to determine the specific allergic reactions caused by
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different fragrances.* Hence, the qualitative and quantitative analysis
of compounds in fragrances, especially of some fragrance allergens,
can prevent consumers coming into contact with fragrance allergens.
Currently, compounds of fragrances are mainly analyzed by gas
chromatography (GC) or liquid chromatography (LC) separation before
being subjected to mass spectrometric analysis using ionization by
electron ionization (El), electrospray ionization (ESI) or atmosphere
pressure chemical ionization (APCI).>~8 However, El usually produces
many fragment ions, and the molecular ion is often absent or of very
low intensity, which renders quantification of compounds with non-
specific fragmentation more difficult and less sensitive.’ ESI is not
applicable for studying non-polar molecules. APCI has a limited
application range and is mainly used for the analysis of weakly polar
compounds, and is usually more prone to matrix effects than EL.2°
Dielectric barrier discharge ionization (DBDI) has been developed

1112 and features a small size, simple

considerably in recent years,
structure, low cost, high efficiency, good reproducibility, and ease of
operation. Since DBDI can ionize polar, mid-polarity, and non-polar
compounds,*? its application to the analysis of fragrances could make

an interesting contribution.
(0]

SAaS oy

In this work, the use of an active capillary plasma ionization source
(based on DBDI), which was developed in our research group,l“'15 was
explored for quantitative determination of fragrance allergens. Since
DBDI is less affected by matrix effects and ion suppression than ESI
and APCI,*'7 it should allow the analysis of several fragrance allergens
simultaneously without any prior chromatographic separation. In this
way, the analysis time can be greatly reduced while the sensitivity is
still satisfactory. This will allow the working time to be greatly
shortened and improve work efficiency when there are a large number

of perfume samples that need to be screened.

2 | EXPERIMENTAL
21 | Chemicals
Benzyl benzoate, coumarin, eugenol, citral, linalool, citronellol,

limonene and methanol (99.9%) were purchased from Sigma-Aldrich
Chemie GmbH (Buchs, Switzerland). The structures of the measured

(o8

compounds are shown in Figure 1.
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FIGURE 1 Fragrance allergens investigated in this work
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FIGURE 2 Schematic of the sample
introduction system used in this study
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2.2 | Sample preparation

Individual fragrance allergen stock solutions were prepared at a
concentration of 1000 ppm in MeOH and stored at a temperature of
4°C. A mixture of the seven fragrance allergens (benzyl benzoate,
coumarin, eugenol, citral, linalool, citronellol and limonene) was
prepared at a concentration of 100 ppm in MeOH and stored at a
temperature of 4°C. Diluted solutions used for the whole experiment
were prepared in MeOH and stored at a temperature of 4°C. The
commercial perfume products were diluted 100 times in MeOH and
were stored at a temperature of 4°C.

2.3 | Sample introduction system

A home-built liquid-infusion device was used to evaporate the liquid
samples.*>*8 In short, as shown in Figure 2, a pressurized vial (1 bar
overpressure) was connected to a hollow heating cartridge (200°C,
1.4 L/min Np) through a fused-silica capillary (40 pm ID, 30 cm
length). The sample flowed into the heating cartridge and was
evaporated. The flow of the sample and the resulting gas-phase
concentration of the analyte were calculated by Poisedille's law as
reported by Wolf et al.'* A humidified gas stream (N, 1.3 L/min),
which can support the formation of protonated molecules and
decrease in-source fragmentation,’® was used to transport the
evaporated sample to the plasma source. The outlet of the heating
cartridge was connected to the DBDI source via a T-piece, and the

excess gas left through the exhaust.

2.4 | lonization source

An active capillary plasma ionization source, which is based on a
dielectric barrier discharge, was used to ionize the analytes in this
work.12*8 As shown in Figure 2, the DBDI source has two electrodes,
an inner electrode (ground, stainless steel, ID: 0.6 mm and OD:
1.0 mm) and an outer electrode (high voltage, copper, ID: 1.55 mm,
surrounding the glass capillary). The electrodes are separated by an
insulating layer, here a glass capillary, which serves as the dielectric
barrier. After applying a high AC voltage (3.0 kVpp, 47 kHz) to the
outer electrode, a plasma is ignited inside the capillary. The DBDI
source is connected directly to the inlet capillary of the mass
spectrometer to achieve an almost 100% transmission efficiency of

the ions formed.

2.5 | Mass spectrometry

Mass spectra were acquired in positive ion mode with an LTQ
Orbitrap mass spectrometer (Thermo Fisher Scientific, San Jose, CA,
USA) in full-scan mode at a resolution of 30,000 FWHM (full width at
half maximum; at m/z 400) with a mass tolerance specified to be

<10 ppm. The scan range was set to m/z 50-250, the capillary voltage
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FIGURE 3 High-resolution mass spectra of A, a mixture of seven
fragrance allergens; B, citronellol; and C, the background (at a solution
concentration of 1 ppm). The peak to the right of coumarin in (A) is its
13C isotopomer
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at 50V, the tube lens voltage at 120 V, and the capillary temperature
at 195°C. Mass spectra were acquired using 3 microscans and a

maximum injection time of 100 ms.

2.6 | Calibration curves
The stock solutions of the seven fragrance allergens (benzyl benzoate,
coumarin, eugenol, citral, linalool, citronellol and limonene) were
diluted to 0.01 ppb, 0.1 ppb, 1 ppb, 10 ppb, 100 ppb, 1 ppm and
10 ppm in MeOH separately and measured by DBDI-MS. We first
plotted the results to check in which concentrations there is a linear
relationship. Further calibration points in this range were then chosen
to generate a new calibration curve with a linearity range of 0.99. In
the end, five calibration points were used for each calibration curve.
By measuring samples with decreasing concentrations and using a
signal-to-noise ratio (S/N) criterion of 3, the limits of detection (LODs)
were evaluated. The limits of quantification (LOQs) were calculated
from the calibration curves.

2.7 | Standard-addition method

Since the ingredients list of “Bright crystal” contains linalool,
citronellol and limonene, standard addition was also performed for
these compounds. Several 15-mL tubes were each filled with 100 pL
each of “Bright crystal”. Linalool (10 ppm) was added in different
quantities, 0, 1, 2, 3, 4 and 5 mL. The solutions in the tubes were then
diluted to 10 mL and mixed well. The procedure for citronellol and

limonene was the same as that for limonene.

3 | RESULTS AND DISCUSSION

Optimization of the temperature of the heating cartridge, sample
volume, DBDI voltage, flow rate of humidified N, and flow rate of N,
was performed and is given in Figure S1 (supporting information).
Benzyl benzoate, coumarin, eugenol, citral, linalool, citronellol and
limonene are typical fragrance allergens, and widely used in the
fragrance industry (see Figure 1). The DBDI source can easily ionize

these compounds. Mixtures of fragrance allergens were also

TABLE 1

Analyte lons produced

Benzyl benzoate M+ HI* 213.0914
Coumarin M+ H]* 147.0447
Eugenol M+ HI* 165.0924
Citral [M+H]* 153.1289
Linalool [M+H - H,0l* 137.1338
Citronellol M+ HI* 157.1603
Limonene [M+H+H,0" 155.1443

Observed mass (m/z)

measured in this study. The mass spectra of seven individual
fragrance allergens and of the mixture are shown in Figure S2
(supporting information) and Figure 3A. It can be seen that, in addition
to the target compounds, there are many small peaks in the spectrum
(see Figure 3A). In order to obtain information about their origin, we
compared the mass spectra of the mixture of seven fragrances
(Figure 3A), citronellol (Figure 3B) and the background (Figure 3C).
Figure S3 (supporting information) shows an overlay of Figures 3B
and 3C in the same mass range. We found that most of the peaks that
occur in the mass spectra of the compounds also show up in the
background spectrum, and that they do not affect detection of the
target compounds. Most of the fragrance allergens investigated in this
work were detected as protonated molecules, except for limonene
(the observed ion was [M + H + H,0]*) and linalool (the observed ion
was [M+H —H,0l"). Their identification was based on accurate
mass: the observed m/z values of the product ions, the theoretical m/z
values of the product ions and the mass errors are listed in Table 1. The
observed masses of eugenol, citral, citronellol and limonene show
higher mass errors than others, which is an MS calibration issue. Since a
10-ppm mass tolerance was used for MS signal integration, even these
higher mass errors are acceptable.

Calibration curves for the individual samples and for the
compounds in the mixtures are reported in Figure 4. The direct DBDI
approach showed a remarkable sensitivity for coumarin, citral and
linalool, with experimental LODs of 0.1 ppb (see Table 2). Benzyl
benzoate and eugenol showed LODs of 1 ppb. Limonene and
citronellol showed LODs of 10 ppb and 50 ppb, respectively. The
linear dynamic range of the method was 2 to 3 orders of magnitude.
As shown in Figure 4, the slopes of the calibration curves for single
compounds are systematically somewhat larger than for the same
compounds in mixtures, which could be the result of some matrix
effects due to competition for charge. It is worth noting, however,
that the LOD, LOQ and linear dynamic range for the same compound
were the same, irrespective of whether it was used in pure form or
present in a mixture, which suggests that, although some charge
competition exists, it is not strong.

Thus, DBDI has a satisfactory linear dynamic range, high accuracy
and sensitivity, and can be used for the rapid and sensitive detection
of fragrance allergens in perfume products without any sample
pretreatment. In addition, when compared with GC/MS, DBDI has
2-4 orders of magnitude lower LOD and 2-3 orders of magnitude

Measured and calculated m/z values for the ions produced from the different fragrance allergens

Theoretical mass (m/z) Mass error (ppm)

213.0916 0.9
147.0446 0.7
165.0916 4.8
153.1279 6.5
137.1330 0.7
157.1592 6.9
155.1436 4.5
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FIGURE 4 Calibration curves for A, benzyl benzoate; B, coumarin; C, eugenol; D, citral; E, linalool; F, citronellol; and G, limonene. (Solid lines
represent the individual samples, dotted lines represent the mixtures)
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TABLE 2 The LODs, LOQs and R? values for detection of seven fragrance allergens by DBDI-MS and GC/MS
DBDI-MS DBDI-MS (mixture) GC/MS
LOD, LOQ, Linearity LOD, LOQ, Linearity LOD, LOQ,
Analyte ppm ppm R? range, ppm ppm ppm R? range, ppm ppm ppm R?
Benzyl benzoate  0.001 0.01 0.9982 0.01-1 0.001 0.01 0.9986 0.01-1 - 120 0.9990%°
Coumarin 0.0001 0.001 09972 0.001-3 0.0001 0.001 0.9904 0.001-3 142 3.8%1 0.9992%*
Eugenol 0001  0.05 0.9989  0.050-5 0001 005 0.9998  0.050-5 1.3 4.7 0.9973%1
Citronellol 0.05 0.001  0.9956 0.5-7 0.05 0001  0.9955 0.5-7 212 6.6%1 0.9980%*
Limonene 0.01 0.05 0.9995 0.05-3 0.01 0.05 0.9951 0.05-3 - 0.522 0.9998%2
Linalool 00001 0.001 09997 0.001-3 00001 0001 09989 0.001-3 1.7 6.4% 0.9959%*
Citral 0.0001  0.001 0.9979  0.001-1 0.0001 0.001  0.9954 0.001-1 - 222 0.9996%2
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FIGURE 5 Mass spectra of A, Bloom Nettare di Fiori; B, Blue byzantine; C, Ladies Fleurs de I'Himalaya; D, Green tea scent spray; and E,
Bright crystal
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TABLE 3 Quantitative analytical results for seven fragrance allergens in five commercial perfumes

Blue Bright
Bloom Nettare di byzantine Ladies Fleurs de Green tea scent crystal Bright crystal (standard
Analyte Fiori (ppm) ppm I'Himalaya (ppm) spray (ppm) (ppm) addition) (ppm)
Benzyl benzoate 0.8 2.4 - - - -
Coumarin - 0.2 - - - -
Eugenol - - 8.1 - - -
Citral - 57.1 19.3 41.9 - -
Linalool 24 37.2 41 17.7 43 41
Citronellol 6.2 32.9 6.3 9.8 6.5 7.6
Limonene - 24.8 3.5 40.6 111 14.7
4x10° +(A) 6x10* 1(B) 1.5x10° 9 (C)
v H Y=9405.12X+933.86 Y=25683.94X+4243 42
;fgzg:;zz.gzx ez R2=0.9983 R?=0.9999 /
=0, ) 5x10* 4 / :
’ 1.2x10° - /
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T c e
= = = 6.0x10*
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r n! T T T T T r & T T T T T T n-n T T T T T
4 0 1 2 3 4 5 A 0 1 2 3 4 5 R} 0 1 2 3 4 5
Linalool (ppm) Citronellol (ppm) Limonene (ppm)
FIGURE 6 Quantitation via standard addition of A, linalool; B, citronellol; and C, limonene in “Bright crystal”

lower LOQ when analyzing these seven fragrance allergens.2°-22

Using DBDI, it only takes a few minutes to analyze a sample, i.e., the
analysis time is significantly shorter than for any of the conventional
methods to detect and quantify fragrance allergens.?”-821

Moreover, the possible occurrence of fragrance allergens in five
commercial perfumes (‘Bloom Nettare di Fiori’ by Gucci, ‘Blue
byzantine’ by Rituals, ‘Ladies Fleurs de I'Himalaya’ by Rituals, ‘Green
tea scent spray’ by Elizabeth Arden, ‘Bright crystal’ by Versace) was
investigated in this study. We used the calibration curves reported in
Figure 4 to quantify the fragrance allergens in all five products. The
analytical results are summarized in Figure 5 and Table 3, which show
that benzyl benzoate, linalool and citronellol were detected in “Bloom
Nettare di Fiori”’; benzyl benzoate, coumarin, citral, linalool, citronellol
and limonene in “Blue byzantine”; eugenol, citral, linalool, citronellol
and limonene in “Ladies Fleurs de I'Himalaya™; citral, linalool,
citronellol and limonene in “Green tea scent spray”; and linalool,
citronellol and limonene were detected in “Bright crystal”. In order to
verify that the composition of the fragrance does not affect the
sensitivity of the method, a calibration via the standard-addition
method was performed for the perfume “Bright crystal” (Figure 6). As
shown in Table 3, the calculated concentrations obtained by the
standard-addition method are close to the values obtained by our
external calibration curve. Among the perfumes we studied, “Blue

byzantine” contains more types and higher concentrations of

allergens than other perfumes. The compounds detected are
consistent with the ingredients listed on the perfume boxes, which
suggests that DBDI has the potential to detect compounds in complex
fragrance products without chromatographic separation methods. We
also mimicked the real fragrances by diluting “Bright crystal” in water
and EtOH separately, as shown in Figure S4 (supporting information).
There was no obvious charge competition when using our method to
measure perfume in different solvents.

4 | CONCLUSIONS

In this work, we have presented a rapid analysis of fragrance allergens
by DBDI-MS. In order to verify that this method can effectively
detect perfume allergens, seven common fragrance allergens (benzyl
benzoate, coumarin, eugenol, citral, linalool, citronellol and limonene)
were selected for qualitative and quantitative analysis. The results
showed that DBDI obtained good linear dynamic range, LODs and
LOQs, irrespective of whether it was an individual sample or a mixed
sample; there were no obvious matrix effects and charge competition.
DBDI-MS  successfully detected

allergens in perfume samples of five different brands. In summary,

Without sample pretreatment,

DBDI has the advantages of high sensitivity, simple operation and fast
analysis time. It is very suitable for the rapid analysis of trace
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fragrance allergens in fragrances, and could easily be used for quality

control of various products in the cosmetics market.
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