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Abstract

Micro-agglomerate corks, made by agglutination of cork granulate through the addition of different adhesives, represent an
important slice of the market of cork stoppers. Binder glues which are polyurethane- or butadiene-based have been used since
they have strong agglomerating effect. Unfortunately, polyurethane-based glues can have isocyanide end group compounds
which can migrate into the wine. 2,4-toluene diisocyanate (2,4-TDI) and 2,6 toluene diisocyanate (2,6-TDI), can be found in
adhesive and could migrate into wine. A simple ultrahigh-performance liquid chromatography-mass spectrometry (UHPLC-MS/
MS) method for the determination of these active ingredients (a.is.) in wine has been developed. The method has been validated
under Eurachem CITAC guidelines (Cooperation on International Traceability in Analytical Chemistry). Instrument limit of
detection (LOD) and to a limit of quantification (LOQ) for 2,6 TDI and 2,4 TDI were 0.42 and 0.39 pg/L, and 1.72 and 1.57
ng/L, respectively. Four different solvents applied for recoveries showed quite different rates ranging for 2,6 TDI and 2,4 TDI
from 17.96 to 88.53 %, and 40.08 to 99.18 %, respectively. Real sample analysis showed low residue levels, especially of 2,6
TDI, with values always below the LOQ. The data reported on real samples allowed to establish that from a risk management
purpose, no toxicology risk can be accomplished.
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Introduction

The use of cork as stoppers is traced back to the ancient
Romans; in fact, in the Greek and Roman world, it was cus-
tomary to use it for the closure of amphorae (Denecker and
Vandorpe 2007).

In a bottle of wine, the type of closure represents one of the
most important and delicate parts (especially in the case of fine
and aging wines). Nowadays, wine bottle can use a different
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device for their closing; the most used are cork, screwcaps,
and synthetic polymer material such as Low-Density
Polyethylene (LDPE); the use of one or the other is related
to commercial purpose and wine philosophy (Godden et al.
2008).

Screwcaps have been initially used in the whisky industry
with excellent results, and have been introduced in the wine
market in the late 1950s in France, after replacing a thin cork
layer underneath the cap with neutral polyvinylidene
dichloride (PVDC) (Courtney 2001). Their use has been jus-
tified from the assertion that they do not allow oxygen to enter
the bottle and ensures that the wine remains crisp and well-
preserved; moreover, no corkscrew is required for extracting
the closure.

LDPE stoppers, also called synthetic corks, have been im-
proved after their first appearance. Actually, there is a wide
variety of synthetic stoppers with different rates of oxygen
transmission, promoting a different approach to sensory char-
acteristics of wine (Wirth et al. 2012). A major benefit of
synthetic cork is the absence of cork taint (TCA) caused by
the different fungi species that lives in natural cork trees (Prak
et al. 2007).
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Some authors and experts believe that cork is the best clo-
sure for wine, because the small amount of oxygen which
permeates through the stopper inside the bottle inhibits the
formation of a reduction environment and the development
of sulfur compound odors (He et al. 2013). Moreover, cork-
finished wines seem to age more gracefully. The tannins be-
come softer and bitterness, especially in white wines, fades
with time, and tannins and other substances released from the
cork can react with short-chained catechins removing bitter-
ness and harmonize with the compounds naturally present in
wine improving mouthfeel (Azevedo et al. 2014; Gil et al.
2006).

On the other hand, in addition to the possible risk of TCA
contamination, the production of natural cork is no longer able
to support the demand for corks necessary for the wine sector,
and therefore, younger and lower-quality corks are used
(Pereira et al. 2012), putting the content of the bottle of wine
at greater risk. For this reason, some alternatives that seek to
exploit processing waste to produce high-efficiency caps have
been adopted (Gil 2014).

Cork, authorized for food use, can be natural one-piece
cork, natural multi-piece corks made from two or more pieces
of natural cork and glued together through an adhesive, natu-
ral cork filled in which the lenticels have been filled with cork
powder obtained by finishing the natural corks, and technical
corks made of a part of an agglomerated cork with on the top
and the bottom slice of natural cork assembled using suitable
agglutinins.

Moreover, agglomerated caps entirely made of cork gran-
ules obtained from byproducts deriving from the processing of
natural corks placed together through an adhesive, and micro-
agglomerated caps which have been defined, according to the
ISO 633:2019 standard: “cork obtained by agglutination of
cork granulate, with a grain size between 0.25 and 8 mm, with
adhesives, composed of at least 51% of granulate of cork (by
weight)” (Nasini and Smedile 2012; ISO 633:2019).

Micro-agglomerate corks are made starting from a cork
granulate, obtained from the previously boiled plank, in which
only the best and lightest part is present, eliminating all the
hard or woody parts, and dividing it according to the specific
weight (SW) (only granules with a lower SW, between 4570
kg/m®) and length (0.25-8 mm). In order to join and mix the
granules, binders such as polyurethane- or butadiene-based
glues are still used. These products show strong agglomerat-
ing effect and can confer to the caps’ resistance to twisting and
compression. Unfortunately, polyurethane-based glue often
can have isocyanide end groups (Six et al. 2002).

The European Committee for Food Contact Materials and
Articles has subscribed a statement concerning the substance
which can be found in cork stoppers intended for wine use,
reporting a DL of 0.01 mg/Kg (sum of NCO) for 22,4-TDI
(CAS: 584-84-9) and 2,6-TDI (CAS: 91-08-7) (CD-P-MCA
2007). The Environmental Protection Agency (EPA, U.S
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2011) established an Action Plan on TDI compounds to assess
peoples’ exposures, while the Food and Drug Administration
(FDA) regarding the toxicological impact of diisocyanate in
the cork industry expressed a FCN (finding of no significant
impact) (FDA 2017), intending that these compounds will not
significantly affect the quality of the human environment.

The International Agency for Research on Cancer (IARC)
reported that “there is sufficient evidence for the carcinoge-
nicity of toluene diisocyanate in the experimental animal
while there is inadequate evidence in humans,” classifying
TDI as a 2B carcinogen (IARC 1986).

Several methods for the analysis of 2,4-TDI and 2,6-TDI
have been reported in literature to detect the levels in air or in
material which can release these compounds in the environ-
ment. Most of them uses liquid chromatography UVQDa or
MS/MS technique after derivatization (Donchenko et al.
2020; Gagné et al. 2003); others used HPLC-FL (Yeh et al.
2002), or gas chromatography coupled with flame ionization
detector (FID) or electron capture detector (ECD) (Yun et al.
2006).

Any paper has been found dealing with the presence of
residues of NCO in micro-agglomerate corks or with the pos-
sible release of these compounds in wine.

Considering the high use of these stoppers in the modern
wine industry, it is compulsory to have a reliable analytical
method for the determination of NCO compounds in cork and
to evaluate the amount of possible release in wine.

The aim of this study was to develop and validate a method
for the quantification of 2,4-TDI and 2,6-TDI in micro-
agglomerate cork in wine according to Eurachem CITAC
Guidelines (Magnusson and Ornemark 2014).

Samples of cork were spiked with appropriate volume of
NCO standard solution and extracted with three different sol-
vent solutions and wine; moreover, release tests were per-
formed to study the behavior of 2,4-TDI and 2,6-TDI in wine
during a simulated bottle storage.

Finally, the effectiveness of the proposed validated method
was evaluated in real micro-agglomerate cork samples.
Quantitative analyses have been carried out by LC-MS/MS
technique without derivatization step and cleanup.

Materials and Methods
Chemicals

Acetone and methanol (MeOH) were LC/MS grade solvents
(Sigma-Aldrich, Milan, Italy). Formic acid (> 95%), acetic
acid glacial (99%), and ethanol (96%) were reagent grade
(Sigma-Aldrich, Milan, Italy), ammonium formate solution
5 M (0.315 g/mL) (G1946-85021, Agilent Technologies).
MilliQ water with a conductivity less than 18.2 MS2, was
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prepared using an integrated Milli-pore purification system
(MilliQ integral, Merck, Milan, Italy).

Tartaric acid, glycerol, 2,4 toluene diisocyanate, and 2,6
toluene diisocyanate were analytical standards (Sigma-
Aldrich, Milan, Italy).

Preparation of Stock Solutions and Calibration
Standards

Stock solution of the active ingredients (a.is.) diisocyanate
standards were prepared by weighting an appropriate aliquot
of standard in a 10-mL volumetric flask. 2,4 TDI was prepared
at 1412 mg/L in a solution of MeOH acidified with acetic acid
at 5%, while 2,6 TDI at 1207 mg/L was prepared in acetone.
The working solutions were prepared daily by diluting the
stock solutions with each matrix extracting solution.

Calibration curves were prepared with five point in eluent
mixture, synthetic wine, ethanol, and white wine unpolluted
matrix.

Recovery and Release Tests

Available micro-agglomerate corks were not certified for the
absence of glue free from the a.is.; therefore, release and re-
covery tests have been carried out on one-piece cork, previ-
ously spiked with a known amount of 2,4-TDI and 2,6-TDL

Acid water (tartaric acid at 46 mg/L until pH 3.6), synthetic
wine (tartaric acid at 46 mg/L, plus 120 mL of ethanol, 5 g of
glycerol, and 880 mL of MilliQ water, final pH 3.6, and alco-
hol content 12% vol), white wine (Nuragus white wine at
10.5% vol), and ethanol (96%) were used as extracting
solvents.

Recovery Test Three one-piece corks of 2.5 ¢cm in diameter
and 3.3 cm in length for each extracting solvent were drilled
along the longitudinal axis, to produce four holes equidistant
from the central axis with a maximum depth of 1.0 cm, for
each cap. Subsequently 20 pL of the stock standard solution
of 2,4-TDI and 2,6-TDI was added inside the holes; the corks
were left to rest in the dark at ambient temperature (18 °C) for
4 h. The corks were then cut in two identical halves for a total
of six replicates for each extracting solvent. Each halve was
reduced to smaller particles with a stainless-steel cutter, and
subsequently ground with a coffee grinder (Clatronic,
Cagliari, Italy), being careful that the temperature of the
ground cork did not rise. The obtained grinded halves were
weighed in 50-mL Falcon plus 30 mL of extraction solvent,
stirred in vortex for 3 min, placed in a rotating carousel for
30 min and finally centrifuged for 15 min at 4000 rpm and 10
°C temperature. After centrifugation, the solvent was recov-
ered and transferred in a vial for UHPLC/MS-MS analysis.

Release Test One-piece cork stoppers spiked as previously
reported were immersed in the best extracting solvents from
the previous recovery test to evaluate the release of the a.is.
from whole stoppers. Whole cork placed in a 100-mL screw-
capped flask plus 30 mL of white wine or ethanol for 48 h
under agitation at room temperature and in the dark. Trials
were carried out in triplicate.

Reference standards for each test were prepared by adding
the same amount of analytical standard placed in the stoppers
to 30 mL of extraction solvent, and to an equal volume of the
eluent mixture at 7 = 0.

Instrumentation and Analytical Conditions

An UHPLC 1290 Infinity, coupled with a 6470 Triple Q MS-
MS Agilent (Agilent, Milan, Italy) system, was used. The col-
umn was a Kinetex C18 (5 pum, 250 x 4.6 mm), with a flow of
0.5 mL/min. Injection volume was of 5 pL, and samples were
analyzed with a binary gradient as follows: solvent A MilliQ at
0.1% formic acid and 5 mM ammonium formate, solvent B
MeOH at 0.1% formic acid and 5 mM ammonium formate, 7
=0min A 70%, T=10 min A 50%, T'= 15 min B 100%, total
run time 15 min, and postrun 15 min at initial conditions.

The instrumental limits of detection (LOD) and quantifica-
tion (LOQ) were calculated as three, and ten times the signal/
noise ratio (S/N).

Analyses were carried out in MRM mode with the follow-
ing instrumental conditions: gas temperature 350 °C, gas flow
10 L/min, nebulizer 30 psi, sheath gas temp: 350 °C, sheath
gas flow: 12 L/min, capillary negative 3000 V.

Method Validation

The analytical method was validated according to Eurachem
CITAC Guidelines (Magnusson and Ornemark 2014)
assessing linearity, selectivity, precision, method detection
limits (LOD), quantitation limits (LOQ), recovery, uncertain-
ty, and matrix effect.

Recovery tests were carried out with six replicates for each
solvent at a spiking level of 10x LOQ. Instrumental repeat-
ability (RSD,, intraday »n = 6), and reproducibility (RSDyyg,
interday, 6 days, two replicate/day, n = 12) were calculated at
two concentrations 2.0 and 7.8 pg/L. Each sample belonged
from an independent experiment. Instrumental sequence was
conducted according to SANTE guidelines indications
(SANTE 2016). The matrix effect was evaluated by compar-
ing the analytical responses of the active ingredients in eluent
mixture at 7 = 0, with those in the extracting solvents.
Linearity was assessed analyzing five standard calibration
curves performed in triplicate, both in solvents and blank con-
trol matrix, and was admitted as acceptable when the coeffi-
cient of determination was above 0.990. Selectivity was eval-
uated comparing extracts from wine matrices with wine
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Fig. 1 MRM chromatograms of X108 coq 1: 2 6dlisociant to 10.26. 2 4diisociantato 13,05: +ESI MRM Frag=180.0V CF=0.000 DF=0.000 CID@16.0 (175.2-> 104.0) (175.2-> 132.0) std 2 ppb.d

(a) white wine, and (b) white wine 11
spiked at 2 ug/L 1

spiked at 2 pg/L. Absence of peaks at the retention times of
the a.i. was a criterion for confirmation method selectivity.
The expanded measurement uncertainty (U’) was calculated
by multiplying the combined uncertainty (x') by a coverage
factor k=2, to accomplish a level of confidence of 95%, using
the following equations:

!

u' = u (bias)* + u (precision)*; U = 2%

Statistical Analysis

Analysis of variance (ANOVA) was carried out with the soft-
ware XLSTAT (Addinsolf LTD, Version 19.4). Mean com-
parisons of the different solvent extractions were calculated by
the Fisher’s least significant difference test at p < 0.05.

Results and Discussion

The UHPLC LC-MS/MS method allowed a good separation
of the selected a.is; the MRM mode showed no interfering
peaks in the white wine matrix in the chromatographic range
of interest even if no cleanup has been carried out on the

Counts vs. Acquistion Time (rin)

analyzed samples, showing good selectivity of the method
(Fig. 1). Among the transition selected, m/z 104 and m/z
132 were used as quantifying ions for 2,6 TDI and 2,4 TDI,
respectively, while m/z 147 was used as qualifying ion for
both a.is (Table 1). The instrument limits of quantification
(LOQ) calculated as 10-fold the signal-to-noise ratio,
accounted in white wine matrix for 1.72, and 1.57 pg/L for
2,6 TDI and 2,4 TDI, respectively, and five points standard
calibration curves from 1.72 to 1729.0 ug/L and from 1.57 to
1570.0 ug/L showed correlation coefficient (R”) averaging
0.9996 £ 0.01% and 0.9992 + 0.08% 2,6 TDI and 2.4 TDI,
respectively, showing good linearity (Table 1).

The matrix effect, evaluated at 0.8 pg/L, showed that the
wine matrix caused a high decrease of the signal of 2,6 TDI of
almost 86% while did not affected the detection of 2,4 TDI
(Table 1) (Fig. 2). Therefore, quantitative analysis of the re-
coveries, release test, and real samples were made each with
the proper calibration curve. Repeatability (RSDr) was evalu-
ated for n = 6, and intermediate precision (RSDWr) for n = 12;
good results were obtained for all experiments (RSD < 20)
according to Eurachem CITAC (2014) with 2,6 TDI values
better than that of 2,4 TDI for both spike levels. The RSDmax
% was recorded in repeatability at 17.3 % for 2,4 TDI RSDr at
2 ug/L (Table 1).

Table 1 MRM transitions and method validation parameters for 2,4 TDI and 2,6 TDI in wine matrix
2,6 TDI 2,4 TDI
MS-MRM
Quantitative ion, m/z 175.2-104 175.2-132
Qualifying ion, m/z 175.2-147 175.2-147

Validation parameters
Regression equation

R*+RSD%

U

r.t. (average, min.)

LOD pg/L

LOQ pg/L

RSDr (n = 6) RSD% 2 ug/L
7.8 ug/L

RSDWr (n = 12) RSD% 2 ug/L
7.8 ug/L

Matrix effect % + RSD 0.8 png/L

y=512,739.8x + 825.34 y=411,920.8x + 11,335.53

0.9996 + 0.01% 0.9992 + 0.08%
13.53 42.05

10.23 13.02

0.42 0.39

1.72 1.57

42 17.3

5.6 14.1

72 14.0

9.2 10.8

1324 +3.22 104.05 £4.91
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Fig_ 2 MRM chromatograms of >q065 Cpd 1: 26diisocianto 1025, 2.4diisocianato 13.08: +ESI MRM Frag=180.0V CF=0.000 DF=0.000 CID@20.0 (1752 -> 104.0) (1752 -> 1320)
standards of 2.6TDI and 2.4 TDI 15 1308
at 10 pg/L in (a) acid water, (b) 14 a
synthetic wine, (c) ethanol, and 13
(d) white wine 12 1027
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Recovery assays carried out a 10x LOQ with the four
solvents showed the poor capacity of acidified water and
synthetic wine to extract the a.is. from the cork powder.
On the other hand, pure ethanol and wine were effective
in extracting the a.is with average values of 88.53 =+
3.51%, and 85.11 £ 4.01%, for 2,6 TDI, and 99.18 +
3.51% and 97.90 + 2.46% for 2,4 TDI, respectively.
Moreover, all solvents showed higher recoveries for 2,4
TDI in respect to 2,6 TDI (Table 2). Release tests per-
formed on whole caps to simulate bottle storage condi-
tions confirmed the higher extracting capacity of ethanol
(20.15 £ 12.47% for 2,6-TDI and 25.61 + 12.46% for 2,4-
TDI, respectively) versus white wine (14.26 + 13.69% for
2,6-TDI and 16.78 + 14.05% for 2,4-TDI, respectively).
As could be expected, the smaller specific surface area of
the whole corks compared with that of the ground ones
led to a lower extraction capacity and a consequent lower
final residue of about four and six times less for ethanol
and white wine, respectively.

The results of the analyses carried out in this work showed
high differences among the thesis with lower recoveries for
the 2,6 TDI especially in aqueous solutions and synthetic

Table2  Recoveries and release test performed on cork samples spiked
at 10x LOQ of the a.is

Solvents 2,6 TDI (% + RSD) 2,4 TDI (% + RSD)
Recovery test* m/z 104 m/z 132
Acidified water 17.96 £ 15.54 40.08 + 13.26
Synthetic wine 2246 £6.98 59.61 +8.04
Ethanol 96% 88.53 +£3.51 99.18 +3.51
White wine 85.11 +4.01 97.90 + 2.46
Release test
Ethanol 96% 20.15+12.47 25.61 +12.46
White wine 14.26 + 13.69 16.78 + 14.05

*Recovery tests were made on grinded cork, release tests were made on
whole cork.

n 15 12 125 13 135 14 145
Counts vs. Acquisition Time (min)

wine. Conversely, the recovery and release tests conducted
with ethanol on both the a.is. have shown greater residues,
as indeed the white wine.

In agreement with what was previously reported in litera-
ture, low residue levels obtained by acidified water and syn-
thetic wine seem to be related to poor solubility of
diisocyanate in aqueous medium leading to a minor extraction
ability and their inclination to decompose with formation of
primary aromatic amines (Suresh Babu et al. 2014).

Finally, six batches of real commercial micro-agglomerate
cork samples have been processed using white wine and eth-
anol as extracting solvents to evaluate the effectiveness of the
analytical method proposed in this study. The analyses
showed levels of 2,6 TDI < LOD and of 2,4 TDI > LOD
and < LOQ in wines (Table 3). Ethanol was in all samples
more effective than white wine, with values for 2,6 TDI <
LOQ and for 2,4 TDI ranging from 5.61 = 1.98% ug/L to
10.20 £ 2.42% pg/L (Fig. 3).

Any data was found in literature concerning the release in
food of TDI compounds during storage from cork stoppers.

The possible presence of toluene diisocyanate residues in
the glue of micro-agglomerated cork stoppers has alarmed the
American federal agencies, the Food and Drug Administration

Table 3 2.4 TDI and 2,6 TDI residues (pg/L + RSD%) in commercial
samples of micro-agglomerate cork extracted with ethanol and white
wine

Samples 2,6 TDI 2,4 TDI pg/L + RSD%
Wine Ethanol Wine Ethanol

Cl <LOD <LOD <LOQ 6.12+£2.01

Cc2 <LOD <LOD <LOQ 10.2 +£3.13

C3 <LOD <LOD <LOQ 824+242

C4 <LOD <LOD <LOD <LOQ

C5 <LOD <LOD <LOQ 5.61 £1.98

C6 <LOD <LOD <LOD <LOD

@ Springer
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Fig. 3 MRM chromatograms of

2.6TDI and 2.4 TDI in real 6
samples extracted with ethanol,
(a) sample C5, (b) sample C2 s

4

x102|Cpd 1: 2 6diisocianto 10.27. 24diisocianato 13.05: +ESI MRM Frag=180.0V CF=0.000 DF=0.000 CID@20.0 (1752 -> 104.0) (1752 -> 132.0)

1305

(FDA) and the Environmental Protection Agency (EPA), as
these substances are suspected to be potentially carcinogenic.
Despite the producers say that the residues are extremely low
and there are no toxicological problems in the USA, this prob-
lem could be quite serious given the high consumption of
these caps which is around 350 million bottles per year.

Given the established dermal- and inhalation-sensitizing
capacity of TDI, in January 2015, the EPA proposed rules of
use and caution, the Significant New Use Rule (SNUR) under
the control of the Toxic Substances Control Act (TSCA) for
the use of seven TDIs.

These rules give the authority to the EPA to evaluate and in
the event of making decisions to prohibit or limit the use of
these chemicals at concentrations greater than 0.1% on adhe-
sives, coatings, elastomers, binders, and sealants in consumer
products, including imported consumer products.

The action plan concerns the use of toluene diisocyanate
(TDI) and related compounds in products to which the con-
sumer and more generally the population could be exposed, in
or around sensitive buildings such as houses and schools.

The toxicological data available on TDI exposure are relat-
ed to primary users and bystanders; moreover, with a short-
term exposure of 0.02 mg/kg, a particular attention is devoted
to children when the exposition comes from polluted air. Total
concentration of monomeric isocyanates in plastic materials
which can be in contact with foodstuffs must be below 1
mg/kg food-contact material (Directive 2002/17/EC 2002).

Six and Feigenbaum (2003) has reported a comprehensive
study of possible migrants from synthetic products used for cork
production, pointing out the need to carry out residue check
control, even if regulatory requirements are not available.

The data from real samples showed a zero or very low
migration of TDI compounds in the wine; therefore, a risk
assessment allowed to say that from a risk management point
of view, there is no toxicological risk.

Conclusion

In this paper, it has been developed and validated a simple and
rapid method for the determination of 2,6 TDI and 2,4 TDI in
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125 3
Counts vs. Acquisition Time (min)

145

micro-agglutinated cork samples in wine. Validation parame-
ters were in agreement with the Eurachem CITAC
(Magnusson and Omemark 2014) values for contaminants in
food matrices. The LOQ of the method allowed to quantify
residues at concentrations of 1.72 and 1.57 pg/L, for 2,6 TDI
and 2,4 TD], respectively (Table 1).

This study showed the high individual variability of real
samples from different batches, and moreover, the analysis
showed that the migration from the micro-agglomerate corks
in bottle during shelf-life is very low and do not create a
toxicological alarm.
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