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Abstract

Multihalo anisoles (MHASs) bring significant loss in wine industry due to their unpleasant taste and potential health concern.
They are the methylation derivatives of multihalo phenols (MHPs) and transferred from corks or barrels in wine production
and storage process. Most of previous reports targeted on 2,4,6-trichloroanisole (TCA), the most common one of MHAs.
Here, we report a method which could detect nine kinds of MHAs and MHPs simultaneously. Acetic anhydride was chosen
as derivative reagent to transfer phenols to their acetates which are essential for the following solid phase microextraction
and chromatographic separation. Head space solid phase microextraction (HS-SPME) condition were optimized as 5 mL of
wine sample, 1 g of sodium chloride, 5 min of equilibrium time, 60 °C of extraction temperature, and 45 min of extraction
time. Gas chromatography tandem mass spectrometry was selected for separation, detection, and quantification of the target
analytes. The limit of quantifications (LOQs), limit of detections (LODs), linear range, recovery yield, and relative standard
deviation of nine kinds of MHAs and MHPs were also investigated. This method was validated by measuring MHPs and
MHASs simultaneously in commercial wine samples produced in different countries.
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Introduction

Wine is the natural alcoholic drink produced by the fermen-
tation of grape juice and one of the most popular beverages
around the world (Waterhouse et al. 2016; Finley 2018).
There are lots of active components in wine with the func-
tions of anti-oxidation, disease preventing, intestinal colony
regulating etc. (Bertelli 2007; Urquiaga et al. 2010; Chen
et al. 2010; Requena et al. 2010). There is consensus that
moderate wine consumption is good for health.
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However, off flavor or cork taint in wine is one of the
major problems spoil the quality and acceptability of wine,
which would cause significant economic loss and reputa-
tion damage of winery (Riu et al. 2002; Sefton et al. 2005;
Fontana, 2012; Vlachos et al. 2007). The most concerned off
flavor in wine is the MHAs either from corks or from bar-
rels during wine production, cardboard packing, and storage.
Phenols, such as TCP, PeCP or TBP, are the well-known
environmental pollutants, which are used as pesticides, dis-
infectants, or retardants in the plant growth or cork produc-
ing process (Alvarez-Rodriguez et al. 2003; Simpson et al.
2007; Waterhouse et al. 2016). MHPs are the substituted
products of phenols and halogen sources via electrophilic
substitution reaction (Waterhouse et al. 2016), they also
could be the degradation products of lindan via microbio-
logical dehalogenation (Pollnitz et al. 1996). They could be
methylated to form anisoles by fungi (Coque et al. 2003; Insa
et al. 2004). The taste of these pollutants has strong unpleas-
ant, mold, or rotten-wood smell at trace concentration. It
is reported that the organoleptic and rejection threshold of
2,4,6-trichloro anisole (TCA) in Chardonnay wine are as
low as 2.1 ng/L and 3.1 ng/L respectively (Hjelmeland et al.
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2012; Vlachos et al. 2007). Although most previous reports
about off flavors focus on the TCA, other MHAS are also
studied. For examples, 2,4,6-tribromo anisole (TBA) has the
threshold concentration similar to TCA, while 2,3,4,6-tet-
rachloro anisole (2,3,4,6-TeCA) and pentachloro anisole
(PeCA) have the higher threshold concentrations (Boutou
et al. 2007). MHPs, regarded as one of the precursors of
MHAS, could also cause off flavors and health issues. For
instances, pentachloro phenol (PeCP) is on the list of Inter-
national Agency for Research on Cancer as Group I (car-
cinogenic to human); TCP belongs to Group 2B (possibly
carcinogenic to human) (IARC working group 2016); PeCP
and 2,4,6-tricholro phenol (TCP), widely used as wood pre-
servative for decades, have been regarded as priority envi-
ronmental pollutants (Zhu et al. 2017). Therefore, MHPs in
wine should also be paid attention to for safety and quality
concerns.

Due to the trace concentration of MHAs and/or MHPs
in wine or cork stoppers, the sample preparation techniques
are crucial and have been investigated in lots of publica-
tions. For instances, Lizarraga E et al. applied HS-SPME
for the determination of TCA, TeCA, and PeCA in red
wine (Lizarraga et al. 2004). Salinas and co-workers extract
MHAs and MHPs in wine via stir bar sorptive extrac-
tion (SBSE) (Zalacain et al. 2004). Hernandez-Cdérdoba
group conducted dispersive liquid-liquid microextraction
(DLLME) to extract chlorophenols and haloanisoles in
wines and corks (Campillo et al. 2010). Pizarro and co-
works used solid phase extraction (SPE) and silylation-
HS-SPME to determine MHAs and MHPs in red wine
(Martinez-Urunuela et al. 2005; Pizarro et al. 2007). A
supercritical fluid extraction (SFE) method was developed
by Ebeler group to extract TCA from cork stoppers (Taylor
et al. 2000). Tena et al. applied accelerated solvent extraction
(ASE) or pressurized fluid extraction (PFE) to extract TCA
from cork stoppers (Ezquerro et al. 2006). The successful
identification and determination of MHAs and/or MHPs in
wine or cork stoppers through different extraction techniques
clearly demonstrates the importance of sample preparation
techniques.

Gas chromatography, a powerful separation technique
with good separation efficiency, is one of the most widely
used chromatographic methods in quantification of small
organic analytes. It is very versatile and can be tandemed
with different high sensitive detectors to determine trace
amount targets in matrix, such as electron captured detector
(ECD) (Insa et al. 2004; Vlachos et al. 2007), MS (Zalacain
et al. 2004; Lizarraga et al. 2004; Campillo et al. 2010;
Ezquerro et al. 2006), and tandem MS (MS/MS) (Martinez-
Urunuela et al. 2005; Hjelmeland et al. 2012).

Based on the above mentioned sample preparation, sepa-
ration, and detection techniques, there are numerous com-
bination of the method development to determine MHAs
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and/or MHPs in wines or cork stoppers. Here, we report a
quantitative method to determine two classification pollut-
ants (MHAs and MHPs) in wine simultaneously by online
derivatization HS—SPME-GC-MS/MS.

Materials and Methods
Chemicals and Samples

Standard grade chemicals of 2,4,6-trichloro anisole (TCA),
2,3,4,6-tetrachloro anisole (2,3,4,6-TeCA), 2,3,4,5-tet-
rachloro anisole (2,3,4,5-TeCA), 2,4,6-tribromo anisole
(TBA), 2,4,6-trichloro phenol (TCP), 2,3,4,6-tetrachloro
phenol (2,3,4,6-TeCP), and pentachloro anisole (PeCA),
2,4,6-tribromo phenol (TBP) were purchased from Dr.
Ehrenstorfer. Pentachloro phenol (PeCP) was bought from
Anpel laboratory technologies (Shanghai) Inc. The quality
control standard, 2,4,6- trichloro deuterated anisole (TCA-
D5) was obtained from Dr. Ehrenstorfer. Methanol (HPLC
grade) was purchased from Thermo Fisher Scientific (China)
Co. Ltd. Analytical grade ethanol, potassium carbonate, and
sodium chloride were produced by Fuchen (Tianjin) chemi-
cal reagent Co. Ltd. Analytical grade acetic anhydride was
obtained from Sinopharm chemical reagent Co. Ltd. The red
wine samples were purchased from the local market.

Solutions

The amount of 10.00 mg of each chemical standard was dis-
solved in a 10-mL volumetric flask with methanol to obtain
1.00 mg/mL stock solution as individual standard com-
pound. The amount of 100 puL of each standard stock solu-
tion (except TCA-DS5) was diluted with methanol to make
10 pg/mL mix-standard stock solution. The stock solutions
were stored at — 20 °C. Working solutions were diluted by
methanol from the above stock solutions while being used.
The amount of 1.38 g of potassium carbonate was put in
100 mL of water to make 0.1 mol/L potassium carbonate
solution. Simulated wine was 12% ethanol solution.

Online Derivatization HS-SPME

The amount of 5.00 mL of wine sample was transferred into
20-mL head space crimp vials (Anple Laboratory technolo-
gies, Shanghai, China). A total of 1.0 g of sodium chloride,
100 pL of 100 pg/L TCA-DS solution, 1.0 mL of 0.1 M
potassium carbonate solution, and 100 uL of acetic anhy-
dride and stirring bar were added into the head space vial.
After sealing the vial by the cap with PTFE pad, the vial was
stirring at 800 rpm and equilibrating at 60 °C for 5 min, then
1 cm of 50/30 um DVB/CAR/PDMS (Supelo, Bellefonte,
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PA, USA) was used to extract for 45 min, and the extracted
samples were injected to GC at 270 °C splitless for 5 min.

Instrumentation

Agilent 7890A gas chromatograph-7000B triple quadrupole
mass spectrometer (Agilent Technologies, Wilmington, DE,
USA) were used for the quantitative analysis. HP-5 column
(30.0 mx0.25 mm x 0.25 um, Agilent Technologies) was
used for separation with helium (purity 99.9999%) as a car-
rier gas at a flow rate of 1.18 mL/min. GC oven temperature
program was set as: the initial temperature was 50 °C, kept
for 1 min, ramped at 10 °C/min to 200 °C, then 40 °C/min
to 280 °C, held for 2 min. The mass spectrometric detector
(MSD) was operated as electron impact mode at 70 eV. The
temperatures of the MSD transfer line, MSD source, and
quadrupole were set at 270, 230, and 150 °C respectively.
Multiple reaction mode (MRM) was selected with 8 min
solvent delay, two MS/MS transitions were selected, and
optimized for each target chemicals according to the depend-
ence of sensitivity and selectivity with collision energy. The
formula, retention time, qualitative transition, quantitative

transition, and their collision energy of each target com-
pound were listed in Table 1. The total ion chromatography
(TIC) and extracted ion chromatography (EIC) of each target
compounds and isotopic control were shown in Figs. 1 and
2 respectively.

Water purified by a Milli-Q water purification system
(Millipore, Bedford, MA, USA) was used to prepare aque-
ous solutions. Magnetic stirrer (Anple, Shanghai, China),
analytical balance (Mettler-Toledo, Switerland), MX-S
vertex (Scilogex, USA), and KQ-600B Ultrasonic cleaner
(Kunshan, Jiangsu, China) were also used during sample
preparation.

Results and Discussion

Online Derivatization

Derivatization of MHPs is necessary because of their high
polarity and low volatility; otherwise, the extraction effi-

ciency of SPME and the separation efficiency of GC could
not be satisfied for the determination of MHPs at trace

Table 1 GC parameters used # Compound (Abbr.) Retention Qualitative transition (eV) ! Quantitative transition (V) !
to detect the target compounds, time (min)
including compound name
(abbr.), retention time, 1 TCA-D5 10.941 217.1—199.0 (10) 217.1—171.0 (22)
qualitative transition, 2 TCA 10.983 212.0—197.0 (10) 212.0—169.0 (22)
quantitative transition, and
collision energy (ce) 3 TCP 12.465 198.0—99.0 (28) 198.0—~97.0 (28)
4 2,3,4,6-TeCA 13.548 246.0—231.0 (8) 231.0—203.0 (8)
5 TBA 14.614 343.9—328.8 (8) 343.9—300.8 (28)
6 2,3,4,6-TeCP 14.754 232.0—168.0 (16) 232.0—133.0 (28)
7 2,3,4,5-TeCA 15.120 244.0—200.9 (18) 231.0—203.0 (8)
8 PeCA 15.821 280.0—264.9 (8) 280.0—236.9 (20)
9 TBP 15.870 331.9—-221.9 (25) 331.9—142.9 (40)
10 PeCP 16.655 307.9—265.9 (6) 265.9—201.9 (16)
ICollision energy (eV) is given in brackets
Fig. 1 The total ionic chroma- 102 [~51 770 yRM (5% - #%) =ix.D
tography of nine target com- 1
pounds and isotopic control 1 2,3,4,5-TeCA
0ol 2,3,4,6-TeCA
0.6 TCA TCP
0. 44 i 2,3,4,6-TeCP
o) TCA-DS PeCA
0.24 PeCP
0.1 TBA TBP eﬂ
0. 11 i 212 4 W 1 6 16 1
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Fig.2 The extracted ion chromatography of nine target compounds and isotopic control
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concentration. Acetic anhydride is chosen as derivative
reagent, MHPs will be transferred to corresponding acetate
esters quickly and efficiently, thus can be detected as their
acetate forms in the following MS analysis. MHAs will keep
as initial structures under this condition. The usage amount
of acetic anhydride was investigated at 0, 50, 100, and 200
pL. Figure 3 shows the usage amount of acetic anhydride
vs target signal abundance.100 pL of acetic anhydride was
selected as optimized derivatization amount.

Optimization of HS-SPME

Generally, the extraction efficiency is strongly affected by
some experimental parameters, such as the ionic strength,
equilibrium time, extraction temperature, and extraction
time. These parameters were optimized by using wine sam-
ple spiked with 100 pg/L standard mixture according to the
corresponding GC-MS/MS abundance of different target
compounds.

The addition of salt could improve the ionic strength
of the matrix, assist the targets to escape from the matrix,
increase their accumulation in the head space, and enhance
the fiber absorption. However, over-addition of salt would
increase the matrix viscosity, which might affect the targets
escape from the matrix and reduce the extraction efficiency.
Figure 4a is the summary of the optimization process of salt
amount, 0, 0.05, 0.10, 0.25, 0.50, 1.00, and 2.00 g of sodium
chloride were added to 5 mL of red wine, respectively. For
most of the target compounds, the detection abundance
reached maximum at 1.00 g of salt, so it was selected as
optimized salt amount.

The extraction efficiency may also be influenced by the
extraction condition since the physical properties of the
target compounds (such as boiling point, polarity) are dif-
ferent. To obtain good extraction efficiency, the extraction

PeCP
TBP
—TCP
TeCP

7E6

GEG

SE6 -

4E6

3E6

Abundance

2E6

1E6

T T T T T
0 50 100 150 200

Acetic anhydride (uL)

Fig. 3 Optimization of the derivatization MHPs with acetic anhydride

parameters including the equilibrium time, extraction tem-
perature, and extraction time were systematically studied as
well. For equilibrium time, 0, 5, 10, 15, 20, and 30 min were
studied, the results were summarized in Fig. 4 b. It showed
there is no obviously difference among 5, 10, and 15 min of
equilibrium time. In order to save time for sample prepara-
tion, 5 min of equilibrium time was chosen. The effect of the
extraction temperature was inspected at 25, 30, 40, 50, 60,
70, 80, and 90 °C, and the results were shown in Fig. 4 c. The
abundance of all target compounds extracted first increases
and then reaches the maximum value with the extraction
temperature increasing. Although the temperatures to reach
the maximum of abundance for different target compounds
are different, 60 °C was the compromise choice as optimized
extraction temperature for all compounds. For the extrac-
tion time, 5, 10, 15, 20, 30, 45, and 60 min were examined
respectively. The abundance of most of the targets reached
maximum at 45 min of extraction time, except slight incre-
ment of 2,3,4,6-TeCA, 2,3,4,5-TeCA, PeCA, and PeCP with
longer extraction time. Figure 4 d showed longer extrac-
tion time could increase the extraction efficiency, however,
it would be time consuming for whole method operation.
Finally, the optimized SPME condition was selected as
5.00 mL of test sample, 1.0 g of sodium chloride, 5 min of
equilibrium time, and extraction at 60 °C for 45 min.

Standard Curves

In the previous reports, the simulated wine (12% ethanol-
aqueous solution — v/v) was used to replace the matrix to
construct the external calibration curves (Insa et al. 2004,
ISO-20752 2014). We also investigated and compared the
detection of the spiked 100 ng/L of the nine target com-
pounds in simulated wine and red wine, respectively. There
is no significant difference between them (Fig. 5). The usage
of simulated wine instead of red wine could exclude the
potential issue caused by the existing targets in the matrix-
match calibration curve, especially for the determination of
the commercial samples.

Linearity, LODs, and LOQs

The linear ranges, linear equations, correlation coefficient,
LODs, and LOQs of the nine target compounds were listed
in Table 2.

The linearity of the nine target chemicals was investi-
gated under the optimal condition at 7 spiked concentration
levels (10, 30, 100, 300, 1000, 3000, and 10,000 ng/L) with
5 duplicates. The external calibration curves were built by
using the simulated wine. There is slightly difference of lin-
earity ranges among these target compounds.

The LOQs of the nine target compounds were deter-
mined based on two criteria, one is the signal noise ratio
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Fig.4 Optimization of the extraction process. a The effect of ionic strength; b the effect of equilibrium time; ¢ the effect of extraction tempera-

ture; d the effect of extraction time

greater than 10, and the other is that it must be included in
the calibration curves. So the LOQs for all compounds were
selected as the lowest point of the calibration curves: The
LOQs of five MHAs were 10 ng/L, and the LOQs of MHPs
were 30 ng/L. (TCP and 2,3,4,6-TeCP) or 100 ng/L. (TBP
and PeCP). Although some compounds could be detected
at much lower concentration levels, the LODs of these nine
compounds were chosen as 1/3 of LOQs.

Recovery and Repeatability

After the calibration curves were built, the spiked recovery
and repeatability— the important indexes to evaluate the
developed method were investigated at three concentration
levels (LOQs, 5*LOQs and 10*LOQs) in red wine, respec-
tively. Six replicates were carried out at each concentration
level. The recovery yields were the average of six replicates.
Table 3 summarized the recovery yields and relative stand-
ard deviations (RSDs) of each target compound at different
spiked levels. All of recovery yields were between 70 and
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120%, which was satisfied the requirement of method devel-
opment. The lowest recovery was 74.5%—TBA spiked at
50 ng/L, and the highest one was 119.5%—2,3,4,6-TeCA
spiked at 10 ng/L. All of the RSDs were less than 20%,
which could demonstrate the good repeatability of this pro-
posed method. Based on the good recovery and repeatability
mentioned above, this proposed method could be used to
monitor the MHAs and MHPs in wine.

Validation with real samples

The developed method was validated with 16 commercial
red wine samples which were purchased from the local
markets. The original producers of these 16 wines are
located in 5 countries, China, Chile, France, Spain, and
Australia. Each sample was tested twice, the results were
summarized in Table 4, and TCA, TCP, 2,3,4,6-TeCA,
2,3,4,5-TeCA, and PeCA were detected in 15 samples. In
these commercial samples, TCP was detected most fre-
quently; three wines have TCP concentration below LOQs
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180000 red wine 80000 — 2,3,4,6-TeCA
1600004 —— simulated wine TCA 70000 - TCP
160000 - TBA 6“00“: TeCP 250000 2,3,4,5-TeCA
400000 - PeCA 20000 TBP 100000 PeCP
Fig.5 The comparison of 100 ng/L standard mixture in simulated wine and red wine
Table 2 Th? linear ranges, Compounds Linear ranges (ng/L) Linear equation Correlation LODs LOQs
linear e.quatlons, correlation coefficient R2 (ng/L) (ng/L)
coefficients, LODs and LOQs
of nine target compounds (n=5)  TCA 10~10,000 y=1056.9x+ 1114 0.9953 3.00 10.0
TCP 30~ 10,000 y=1025.1x+ 13,808 0.9976 10.0 30.0
2,3,4,6-TeCA 10~3000 y=4300.9x + 947 0.9994 3.00 10.0
TBA 10~10,000 y=441.75x+319 0.9990 3.00 10.0
2,3,4,6-TeCP 30~ 10,000 y=531.31x+1027 0.9992 10.0 30.0
2,3,4,5-TeCA 10~10,000 y=1666.0x +908 0.9971 3.00 10.0
PeCA 10~10,000 y=1468.2x +922 0.9974 3.00 10.0
TBP 100~ 10,000 y=69.674x+515 0.9961 30.0 100
PeCP 100~ 10,000 y=102.76x +467 0.9994 30.0 100

(but detectable) and twelve wines have TCP concentration
greater than LOQs, with the range from 52.3 to 2829 ng/L.
In 6 commercial wine samples, TCA was detected, 5 of
them with concentration below LOQs and the other
one with concentration higher than LOQs as 75.6 ng/L.
2,3,4,6-TeCA, 2,3,4,5-TeCA, and PeCA were detected in 8,
3, and 4 out of 16 commercial samples respectively, with
the concentrations below their LOQs.

Conclusions

Based on the powerful GC-MS/MS platform, through
online derivatization of MHPs with acetic anhydride
and head space solid phase microextraction, a quan-
titative detection method was developed to determine
nine of MHAs and MHPs in wine. By optimizing the
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Table3 The recovery yiel'ds Compounds LOQs 5*L0Qs 10*L.OQs
of target compounds in spiked
samples (n=6) Recovery % RSD % Recovery % RSD % Recovery % RSD %
TCA 80.8 10.2 82.7 15.1 87.5 17.6
2,3,4,6-TeCA 119.5 7.5 107.2 16.2 100.7 16.7
TBA 109.6 11.5 74.5 2.8 772 10.5
2,3,4,5-TeCA 96.0 19.0 79.6 13.9 75.2 73
PeCA 119.8 3.0 95.8 19.4 85.3 152
TCP 83.7 18.7 106.2 9.5 108.9 8.8
2,3,4,6-TeCP 94.9 7.6 932 19.8 84.3 10.5
TBP 79.2 11.5 914 8.2 84.4 15.3
PeCP 115.0 6.4 80.1 8.9 75.9 6.9
Table 4 The quantification results of MHAs and MHPs in commercial samples (n=2)
Sample Grape variety Origin Concentration (ng/L)
TCA TCP 2,34,6-TecCA TBA TeCP 2345TeCA PeCA TBP PeCP
A Cabernet Zhangjiakou, Hebei ~ 5.1*  155.1  7.8% - - 6.6* 85% - -
B Cabernet Sauvignon  Yantai, Shandong 6.3% 5743  5.8* - - 4.8% 6.4*% - -
C Cabernet Gernischt ~ Yantai, Shandong - 59.1 4.9% - - 4.1% 6.1% - -
D Tempranillo Douro, Spain - 11.5% - - - - - - -
E Tempranillo Rioja, Spain - 14.5% - - - - - - -
F Cabernet Sauvignon  Yantai, Shandong 5.8% 4197 4.1% - - - - - -
G Cabernet Gernischt  Yantai, Shandong - 1242 - - - - - - -
H Cabernet Sauvignon Yantai, Shandong 5.5% 23535 3.2% - - - 4.4% - -
I Cabernet Sauvignon Qinhuangdao, Hebei 9.0%  2829.0 3.2%* - - - - - -
J Cabernet Sauvignon Central Valley Chile 75.6 2445 - - - - - - -
K Bobal France - 52.3 3.8% - - - - - -
L Cabernet Sauvignon Chile - 176.9  3.6* - - - - - -
M Merlot Central Valley Chile - 23.4% - - - - - - -
N Cabernet Sauvignon Qinhuangdao, Hebei — 81.5 - - - - - - -
(0] Cabernet Sauvignon  Yantai, Shandong - 2138 - - - - - - -
P Shiraz Australia - - - - - - - - -

—: not detectable; *: detected but lower than LOQs

derivatization and extraction parameters, external calibra-
tion curves for each MHAs and MHPs were built by using
simulated wine. Then the proposed method was validated
by inspecting 16 commercial wine samples (produced in
five countries) from local supermarket. Overall, four kinds
of MHAs and one kind of MHPs were detected in 15 sam-
ples. The concentration of TCA detected in one sample and
TCP detected in twelve samples are higher than their cor-
responding LOQs. 2,3,4,6-TeCA, 2,3,4,5-TeCA, and PeCA
were also detected, but their concentrations are lower than
their LOQs. Although TCP has less impact on the flavors
of wine, its carcinogenicity should be concerned. This
method could be potentially used as an inspection method
for regulative organization to investigate MHAs and MHPs
contents in wines in the future. Moreover, it also could be
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applied to determine the contents of MHAs and MHPs in
drinking water, ground surface water, or other drinks when
contamination happens.
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