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Abstract The migration rule of bisphenol-A-related
compounds from can coatings into canned food and oil-
based simulant was explored, and the quantification and
confirmation of these compounds were performed with an
ultra-performance liquid chromatography coupled to tan-
dem mass spectrometry (UPLC-MS/MS). The correlation
between the molecular weight, migration time, the initial
concentration and the migration level of contaminants was
investigated. A quantitative structure—property relationship
(QSPR) model of migration was established corresponding
to the migration of these migrants in the oily simulant at
55 °C, which served as an accelerated shelf life testing
(ASLT) with the use of elevated temperature to simulate
long-term storage at room temperature. The correlation
coefficient (R), leave-one-out cross-validation coefficient
(RLoo) and external validation coefficient (Q.,) for the
established model were all above 0.9000. What is more,
application of the developed model was tentatively vali-
dated with three oily canned foods, whose results showed
that the model can play an important role in providing a
reference for the estimation of migration behavior of
bisphenol-A-related compounds in canned food.
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Introduction

Migration of potentially toxic compounds in epoxy resins
used for packaging materials, especially in lining com-
mercial cans, is a very important food safety issue, because
of their potential endocrine disruptors. Bisphenol-A (BPA)
has been known to have estrogenic activity since 1936 [1],
and chronic low-level exposure to this compound has posed
serious concerns about effects on human development and
reproductive health [2-6]. In order to avoid risk to human,
the Commission Regulation 1895/2005 [7] has established
the specific migration limit (SML) for these bisphenol-A-
related compounds in material and articles intended to
come into contact with food or food simulants.

Migration of bisphenol-A diglycidyl ether (BADGE)
and its derivatives is normally determined by using food
simulants. According to EU Directive 82/711EEC [8],
water for aqueous foods, 3 % acetic acid in water for acidic
aqueous foods, 10 % aqueous ethanol for alcoholic prod-
ucts and edible oil for fatty foods, the four simulants were
used for testing migration from food contact materials
(FCMs). People tend to apply actual test (direct analysis
with real foods and food simulants without model predic-
tion), semitest and semiempirical model (an effective tool
which is established based on the migration rule of real
packaged food and is used to predict migration of certain
contaminant) to analyze migration of compounds in pack-
aging materials. In the actual test, Luo et al. [9] and Chen
et al. [10] have investigated the effect of food contents,
storage time and storage temperature on the migration of
BADGE and its derivatives through real canned samples
and simulation test. Lopez-Cervantes et al. [11] have
investigated the migration of BPA from food-grade PVC
(polyvinyl chloride) films into foodstuffs using food sim-
ulants and found that migration from a given film was
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greatest into olive oil. However, analyzing the migration of
compounds from packaging materials into food is very
complicated by using different analytical methods, such as
liquid chromatography with fluorescence detection (HPLC-
FLD) [12-14], gas chromatography combined with mass
spectrometry (GC-MS) [15] and HPLC-MS/MS (tandem
mass spectrometry) [16-20]. Likewise, the kinetics exper-
iment is time-consuming and laborious. Compared to
experimental methods, model prediction is more conve-
nient and economical and, most importantly, it can predict
the migration behavior of contaminants in packaging
materials.

Several studies have revealed that migration of con-
taminants from packaging material to liquid substance is a
theoretically predictable physical process [21]. Maria de
Fatima et al. [22] have investigated the modeling migration
from paper into a food simulant, and a kinetic model based
on Weibull distribution function was established to
describe migration from plastic additives. Silva et al. [23]
have used Fick’s second law [24] to investigate the kinetic
migration studies from packaging films into meat products.
Some others like Wang et al. [25] have used QSPR model
to investigate the migration of ester additives in food-grade
PE (poly ethylene) films. And these established models can
provide a precise and efficient prediction of migration level
of contaminants in food-packaging materials. Furthermore,
this saves experimental testing, time and economic
resources for the food industry. To the best of our knowl-
edge, no studies have been reported about the migration
mathematical models concerning the migration behavior of
bisphenol-A-related compounds from can coatings into
foodstuffs. This paper is the first that established a kinetic
QSPR model [26] of bisphenol-A-related compounds from
can coatings into food simulant using an accelerated
experiment and tried to validate the model with commer-
cial canned foods. Migration levels of some detected and
representative compounds in canned foods were evaluated
and compared to those observed migration values in order
to validate the applicability of the established model.

Materials and methods
Reagents and materials

Standards of bisphenol-A (BPA, CAS no. 80-05-7), bi-
sphenol-A diglycidyl ether (BADGE, CAS no. 001675-54-
3), bisphenol-A (2, 3-dihydroxypropyl) glycidyl ether
(BADGE-H,0, CAS no. 076002-91-0), bisphenol-A bis
(2, 3-dihydroxypropyl) ether (BADGE-2H,O, CAS no.
005581-32-8), bisphenol-A  (3-chloro-2-hydroxypropyl)
glycidyl ether (BADGE-HCL, CAS no. 013836-48-1), bi-
sphenol-A bis (3-chloro-2-hydroxypropyl) ether
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(BADGE-2HCL, CAS no. 004809-35-2), bisphenol-A (3-
chloro-2-hydroxypropyl)  (2,3-dihydroxypropyl) ether
(BADGE-H,0-HCL, CAS no. 227947-06-0), bisphenol F
diglycidyl ether (BFDGE, CAS no. 2095-03-6), bisphenol
F bis (3-chloro-2-hydroxy-propyl) ether (BFDGE-2HCL,
CAS no. No), bisphenol F bis (2, 3-dihydroxypropyl) ether
(BFDGE-2H,0, CAS no. 72406-26-9, consists of three
isomers p, p-, o, p- and o, 0o-BFDGE), Novolac glycidyl
ether 3-ring (3R-NOGE, CAS no. 158163-01-0), Novolac
glycidyl ether 4-ring (4R-NOGE), Novolac glycidyl ether
5-ring (SR-NOGE) and Novolac glycidyl ether 6-ring (6R-
NOGE) were purchased from Fluka (Buchts, Switzerland).
Figure 1 shows the structures of several standards.

Stock solutions (1 mg mL™") of each of compounds
were prepared by dissolving in acetonitrile (ACN) in dark
bottles and used for further dilutions. These solutions were
stored at 4 °C for 6 months.

Acetonitrile (ACN) of HPLC grade was obtained from
Merck (Darmstadt, Germany), and formic acid of HPLC
grade was provided by Tedia (purity 96 %, Fairfield,
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USA). Ultrapure water was obtained from a Milli-Q puri-
fication system (Millipore, MA, USA). ACN, acetone,
methanol (MeOH) and n-hexane of analytical grade were
purchased from QZJH (Zhejiang, China).

Instruments and their conditions

The chromatographic separation was performed on a
Waters ACQUITY UPLCTM system. The analyte separa-
tion was accomplished on an ACQUITY UPLCTM BEH
C18 Column, 2.1 x 100 mm, 1.7 um (Waters Corporation,
MA, USA).

MS/MS was API-4000 triple quadrupole linear ion trap
(4000 Q TRAP, Applied Biosystems, USA) equipped with
a TurboIonSprayTM source. Instrument control, data
acquisition and the processing were performed using the
associate Analyst 1.5.1 software.

The UPLC-MS/MS condition was set as follows: Ana-
lytes were detected by multiple reaction monitoring
(MRM) using electrospray ionization (ESI) with both
positive and negative modes; column temperature was
30 °C, and the injection volume was 5 uL. Mobile phase
was 0.2 % formic acid solution (solvent A) and ACN
(solvent B), and the flow rate was 0.4 mL min~'. Gradient
elution mode was as follows: 0—1 min, 35 % B; 1-1.5 min,
35-45 % B; 1.5-5 min, 45-75 % B; 5-6.5 min, 75-99 %
B; 6.5-8.5 min, 99 % B; and 9-10 min, 65 % B [16, 20].

Samples

In the accelerated experiment, soybean oil was selected as
simulant (because of its universal use in oily canned food
in China) to mimic oily foods, which was sealed in
an empty can during experimental process. Canned
fish (precooked Cirrhinus molitorella), canned pork paste
with mushroom and canned stewed pork were obtained
from different companies as soon as the can sealing was
finished.

Extraction of bisphenol-A-related compounds
from food simulant

Ten milliliters of solution (which was obtained after
soaking of can coating with oily simulant—the extraction
of the coating was carried out on the coated can—that is
the lining of the can) was placed in a tube, followed by
addition of 5 mL ACN and then vibrated for 2 min in a
vortex mixer. The ACN layer was transferred to a 25-mL
spin evaporate bottle and repeated the above steps two
times. Finally, the combined ACN layer was evaporated to
dry at reduced pressure at 40 °C in a rotary vacuum
evaporator. Then the residue was re-dissolved in 1 mL

ACN/H,0 (50:50, v/v) and filtered using 0.22-um syringe-
driven nylon filters prior to UPLC-MS/MS analysis.

The recovery experiment of extraction procedure was
performed with blank oily simulant spiked with three dif-
ferent concentrations (10, 25 and 250 ng mL™") of stan-
dard mixtures. Each spiked concentration was analyzed in
triplicate as described above.

Extraction of bisphenol-A-related compounds
from packaging materials and canned foods

Extraction from can coatings

The cans were washed with warm water and detergents
before extraction. Then the clean and dried cans were laid
on their sides, half-filled with ACN, sealed with aluminum
foil paper and then stored at room temperature for 24 h.
During the storage period, the cans were put in 100 °C
water bath soaking for 1 h. Then the ACN extract was
transferred into a flask and evaporated to appropriate vol-
ume at reduced pressure at 40 °C in a rotary vacuum
evaporator. Then appropriate amount of water was added to
the residues in order to have the final 1:1 ACN/H,O.
Finally, about 1 mL extract was filtered through a 0.22-um
nylon filter prior to UPLC-MS/MS analysis. In order to
demonstrate the extraction was completed, the extraction
procedure was repeated again and then the extract was
analyzed by the same UPLC-MS/MS method.

Extraction from food content

First, approximately 5.0000 g samples was homogenized
and then placed in Teflon-lined vessels, followed by
addition of 10 mL n-hexane and 5 mL acetone. Second,
after tightly sealing with the caps, the Teflon-lined vessels
were placed into a Microwave extractor (Mars, CEM,
Matthews, NC, USA), heated for 10 min to 105 °C and
kept for 5 min and then cooled down to 30 °C to transfer
the content into centrifuge tubes. Third, the extract was
centrifuged at 12,000 rpm for 10 min, and then the
supernatant was further extracted twice with 5 mL ACN.
Fourth, the combined ACN extract was evaporated to dry at
reduced pressure at 40 °C in a rotary vacuum evaporator.
The dried residue was re-dissolved in 1 mL ACN/H,O
(50:50, v/v) and filtered using 0.22-um syringe-driven
nylon filters. Finally, 10 uL extract was injected into the
UPLC-MS/MS system [12, 13, 16].

The recovery experiment of extraction procedure was
performed with fortified blank matrixes (spiked with three
different concentrations of standard mixtures), which was
conducted on canned fish with oil (oil-based canned food).
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Migration rule of bisphenol-A-related compounds
in canned food and food simulant

In the accelerated migration experiment, the principle of
selecting contact time and contact temperature between
food and packaging material was based on this rule: In
actual using process, the predictable longest contact time
and highest contact temperature were chosen when pack-
aging materials were in contact with foodstuffs. Three oil-
based canned foods which had been sealed from factory
were stored at room temperature for 18 months. During
this period, the change of SML concerning several detected
bisphenol-A-related compounds was investigated, whose
purpose was to provide references for a further under-
standing of the migration rule of these compounds in
canned foods.

Experimental design

Fifteen time points were selected to determine the migra-
tion level of three kinds of bisphenol-A-related compounds
(BPA, BADGE-HCL-H,O and BADGE-2H,0) in food
simulant, and the principle of selecting time points was as
follows: days 1, 2, 3, 5,7, 9, 12, 15, 18, 22, 26, 30, 35, 40
and 45 were selected as storage time points after can
sealing. Consequently, 45 experimental data of migration
were obtained for subsequent use.

Three kinds of oily food (canned fish, canned pork paste
with mushroom and canned stewed pork) were sent to our
library after can sealing in 3 days and then stored in room
temperature in order to sustain their shelf life. Then the
concentration of bisphenol-A-related compounds in canned
food was determined once a month, and figures of their
migration trends and levels were obtained. The initial
concentration of the migrant in the packaging material is
the source of migration, and it has an important effect on
the subsequent migration level. So the initial concentration
of bisphenol-A-related compounds in can coatings was
determined (the procedure of determination of the initial
concentration of bisphenol-A-related compounds in pack-
aging material is described in section “Extraction from can
coatings”), and its value was set as C,. The extraction
procedure and analysis of bisphenol-A-related compounds
in can coatings and food content were performed as
described in section “Extraction of bisphenol-A-related
compounds from packaging materials and canned foods.”

Mathematical models
Based on the investigation of migration rule of bisphenol-
A-related compounds in simulant and real canned foods, a

migration model of several detected compounds (analytes
with high migration levels and detection rates) was
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established. Correlation analysis between the migration
level and the factors which effected migration behavior
was conducted. The selected factors included the molecular
weights of contaminants (M), migration time (f) and the
initial concentration of migrants (C,). Those variables were
selected according to their important effects on the
migration of analytes (the importance of their effects on
migration process was confirmed by our following migra-
tion experimental results and references concerning
migration of contaminants [24, 25]). In the accelerated
study of canned foods, the use of elevated temperature was
often chosen to simulate long-term storage at room tem-
perature [27] and mimic a worst-case situation with regard
to the migration level of target compounds. It is generally
thought that most commercial canned meat was stored at
55 °C for 30 days that is equivalent to those stored at room
temperature for 10 months or longer time [28, 29]. So in
our study, the migration level of bisphenol-A-related
compounds in canned foods at room temperature can be
predicted using the migration model established at 55 °C.
Besides, it is not necessary to predict the migration level of
contaminants leaching into canned foods in long storage
time under 55 °C or higher temperatures, because in the
actual using process, no one would store canned food under
that high temperature for such a long time. Though some
studies pointed out that diffusion coefficient (D,), which is
largely dependent on the change of temperature, is an
important parameter that determines the migration process,
we did not consider it as a variable. In the experimental
design of migration into food simulant, temperature was set
as a constant (55 °C), so factors related to temperature
became insignificant. A linear regression equation through
multiple linear regression (MLR) method coupled with
QSPR model [30] in food simulant was established. Soy-
bean oil was chosen as the model simulant (edible oil
simulant) to mimic the long-term storage of canned meat.
Finally, the established model was validated by internal
and external methods [26] to ensure good predictability and
applicability. Furthermore, the migration model was ten-
tatively applied to predict the migration trends and estimate
the migration levels of several bisphenol-A-related com-
pounds in three oily canned foods. The predicted values
and observed values of the migration of contaminants were
compared to estimate the actual application power of the
developed migration model.

Results and discussion

Optimization of extraction of oily simulant

Extraction solvents (MeOH and ACN) and extraction times
were investigated to optimize the extraction of bisphenol-
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A-related compounds from oily simulant. The spiked
recovery showed that the extraction rate was much higher
when ACN was used as the extraction solvent, and three
times extraction was much better than one or two times.
Therefore, three times extraction with ACN was chosen as
the best extraction procedure.

Method validation
Validation data of oily food simulant

Blank oily simulant spiked with three different concentra-
tions of standard mixtures were chosen to validate the
accuracy of the analytical method. The average recovery of
bisphenol-A-related compounds in oily simulant was in the
range of 79.3-93.6 % (data shown in Table 1), whose
values were a little lower because of the high viscosity and
complicated constitutes of oily simulant, which was exactly
the truly reflection of oil-based canned foods.

Validation data of real canned foods

The results of recovery of fortified blank oily food (canned
fish) were shown in Table 2. The main recoveries obtained
from the oily food were in the range of 75-101 % except
for 3R-NOGE, 4R-NOGE and 6R-NOGE. The repeatabil-
ity of the analytical method was determined by calculating
intraday precision expressed as RSD % (n = 6, analysis of
spiked samples at different times at the same day) values
obtained from the spiked samples, whose result showed

Table 1 Average recovery (n = 3) of BPA-related compounds in
oily food simulant

Analytes Spiked level (ng/mL)
10 25 250

BPA 84.67 + 3.64" 89.55 +£2.56 90.42 £ 3.17
BADGE-2H,0 7521 £5.68  84.87 £3.64 8530 % 2.50
BADGE-H,O0-HCI 7890 £4.29  88.26 & 3.25 85.57 £3.16
BADGE-H,0 85.84 £3.66 8390 £4.03 84.71 £4.52
BADGE 80.84 £ 4.37 8571 £2.60 84.59 £ 3.24
BFDGE 8732 £4.18 8549 £4.47 89.88 £ 3.26
BADGE-2HCl 79.35 £ 434  88.16 = 3.88 84.46 + 3.52
BADGE-HC1 88.37 £337 87.68 £ 241 88.20 £ 2.68
BFDGE-2HCI 7977 £ 537 8846 £3.29 86.42 4+ 4.26
BFDGE-2H,0 7812 £5.12  79.69 £ 4.66 86.56 + 4.27
3R-NOGE 79.43 £ 553  77.89 £5.14 81.84 +£3.76
4R-NOGE 81.84 £3.76  86.36 £4.25 85.20 £ 3.07
SR-NOGE 79.58 £ 4.86 84.25 £3.29 87.44 +£3.78
6R-NOGE 77.17 £5.13  80.12 £ 4.26 82.26 &+ 3.17

* Average recovery % + RSD, n = 3

Table 2 Average recovery (n = 6) of BPA-related compounds in
fortified blank oily food (canned fish with oil) [16]

Analytes Spiked level (ng/g)
10 25 250

BPA 82.52 £ 521" 83.95+4.56 8548 +£4.23
BADGE-2H,0 84.87 £5.67 91.86 =426 101.77 £ 2.97
BADGE-H,0-HCl 7578 &£ 7.66 87.62 & 693  94.58 £ 4.48
BADGE-H,0 7926 =492 91.64 =410 93.07 £ 3.05
BADGE 82.44 £ 696 84.01 £6.79 87.00 £ 3.15
BFDGE 7635 =474 7896 +£3.60 83.75 £ 2.85
BADGE-2HC1 75.08 £7.79 7923 £ 698  87.97 £ 3.58
BADGE-HC1 74.48 £ 644  87.68 =241  88.20 £ 2.68
BFDGE-2HCI 79.77 £537 86.46 £ 480  85.66 *+ 4.65
BFDGE-2H,0 7839 =422 8456 =405 88.11 £294
3R-NOGE 68.64 & 742 83777 £ 546  94.03 £ 4.63
4R-NOGE 6538 £ 6.73 6839 482 7942 £5.17
SR-NOGE 759 £ 441 8545 +276 91.86 £ 3.20
6R-NOGE 72.14 £ 733 7654 £ 537  86.58 £ 5.05

* Average recovery % + RSD (intraday precision, n = 6)

that the values of RSD did not exceed 10 % for all analytes
[16].

Migration rule of bisphenol-A-related compounds
into food simulant

The empty cans were filled with 90 % volume soybean oil
simulant and then placed in a thermostat as soon as can
sealing in order to investigate the relationship between
migration trend of these bisphenol-A-related compounds
into food simulant and storage time.

Figure 2 shows that there are increasing trends of con-
tent for BPA, BADGE-H,0-HCL and BADGE-2H,0 along
with storage time change, especially in the former 30 days.
The increase in concentration is due to the normal diffusion
process of these contaminants to the medium in contact
with the resin. And this migration behavior is of little

—{= BADGE+2H20 == BADGE+H20-HCl
10 - —8— BADGE-H20 —4— BPA
oil simulant

concentration (ng/mL)

storage time (day)

Fig. 2 Migration of bisphenol-A-related compounds into oil simu-
lant at 55 °C
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difference with the findings of Munguia-Lopez et al. [31]
who found the storage time had little significance on the
migration of BPA in their experiment. This is because they
mainly investigated the effect of commercial heating pro-
cess on BPA migration, and in that case, storage time had
little effect on the migration compared to heating factor.
But in the latter 15 days, the migration level started
increasing slowly. It also appeared that the migration level
of BADGE-H,O0 into oil simulant increased in the former
7 days and then reduced dramatically and even disappeared
at last. And this may be explained by the fact that BAD-
GE-H,O translated into other bisphenol-A-related deriva-
tives in the later storage time or reacted with the food
simulant to produce some new compounds that are not
being detected [32].

Migration rule of bisphenol-A-related compounds
in canned food

The migration trends of several detected bisphenol-A-
related compounds in three oily canned foods during
18-month storage are shown in the following figures.
Figure 3 shows that the migration level of detected bi-
sphenol-A-related compounds changed apparently as stor-
age time goes on. The migration trend implies that
migration levels in the latter 12 months were significantly
different from that in the former 6 months, indicating that
these contaminants were very dependent on storage time.
This finding is consistent with the result observed by
Cabado et al. [33] who investigated the migration of
BADGE and BFDGE in canned seafood and found that the
migration of the two compounds was very dependent on
storage time. The migration level in the latter
15-18 months was about 3-20 times more than that in the
former 3 months (the biggest migration level of BAD-
GE-HCL was up to 66.216 ng g~ ' under 18-month storage
in canned fish, while the migration levels of some com-
pounds were even 0 at the first month). For most bisphenol-
A-related compounds, the expected observation was con-
firmed: The longer the contact time, the higher the
migration levels. In addition, the migration level of
BADGE-HCL-H,O changed significantly in canned pork
paste with mushroom and canned pork, and it kept
increasing drastically after 12-month storage (their migra-
tion level increased to 31.725 and 45.748 ng g~ ' after
18-month storage, respectively). The same phenomenon
with BADGE-HCL was also observed in Fig. 3a. The
migration level of BFDGE, BADGE-2H,O and BAD-
GE-2HCL increased slightly after 12-month storage and
leveled off in later storage. Even in some samples, the
migration level of BADGE-2H,0 reduced in later storage
time. It could be explained by the formation of reaction

@ Springer

products between —OH of BADGE-2H,0 and other food
ingredients, such as amino acids and proteins [34], and the
amount of denatured ingredients surpassed that of the
migration level. Besides, —-OH is apt to combine ClI,
especially in the presence of sodium chloride under slightly
acidic conditions [35]; thus, BADGE-H,O and BAD-
GE-2H,O may translate into the chlorinated derivatives
like BADGE-HCL and BADGE-H,O-HCL. Furthermore,
the developed products such as BADGE-HCL can also
react with amino acids (such as Met) and form the adduct
BADGE-HCL-SCHj; and so on [34].

Establishment of QSPR migration model of bisphenol-
A-related compounds in food simulant

The general guidelines for the development of statistically
robust and predictive QSPR models are the following steps:

1. Establish reliable experimental data using reliable
quantitative measurements of the target compounds.

2. Divide the underlying database into training and test
sets using diversity sampling algorithms.

3. Develop training set models using available QSPR
methods or commercial software. Characterize these
models with internal validation parameters.

4. Validate training set models using external test set and
calculate the external validation parameters.

5. Finally, explore and exploit validated QSPR models
for possible mechanistic interpretation and prediction
[30].

Establishment of migration model

Table 3 shows the molecular weights and initial concen-
trations of several contaminants. The 45 experimental data
in Table 4 which were used to establish a migration model
came from our migration experiment as described in
“Experimental design” section. A multiple linear regres-
sion analysis was conducted concerning the M, ¢ and C,
and the migration level of the analytical compounds (using
Origin8.0 software or Excel 2003), and then the following
migration equation in soybean oil simulant at 55 °C was
established:

Y = 13.6041 — 0.0292M + 0.0689¢ — 0.0062C,
N =45, R =0.9409, SD = 0.80, F = 105.37,
P = 2.6E — 19<0.05, (1)

where N is the number of regression sample, R is correla-
tion coefficient, SD is the standard deviation, F' is Fisher’s
test value, and Ry oo is the correlation coefficient of leave-
one-out (LOO) cross-validation test. P value stands for the
statistical significance of correlation for the whole equation
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Table 3 Molecular weight and initial concentration of several bisphenol-A-related compounds

Analytes BPA BADGE-2H,0 BADGE-H,0-HCl BADGE-HCl BADGE-2HCl
MW (g/mol) 228.12 376.19 394.15 376.14 412.12
C, (ug/6 dm?) 455.09 67.73 419.91 86.34 448.33

(confidence coefficient 95 %; P < 0.05 is considered as
suggestive of a statistical significance); Table 5 shows the
statistical significance of each variable in the equation, and
the result implies that all the independent variables used for
establishing the model are of statistical significance;
Table 7 shows the analysis of inter-correlations between
the individual values of the independent variables, whose
results showed that all the values of IRl < 0.8, so there are
no significant inter-correlations between the three
variables.

Equation (1) implied that the migration level of bi-
sphenol-A-related compounds into oil simulant at 55 °C
has an obvious correlation with M, t and C,. At the same
time, it has a negative correlation with molecular weight,
just as Wang et al. [25] showed that the molecular weight
of ester additives had a negative correlation with their
migration into PE film. In addition, the storage time has a
positive correlation with the migration level, and this
phenomenon complies with the experimental results we
conducted. Overall, the developed model can reflect well
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Table 4 Migration level of three bisphenol-A-related compounds in
oil simulant at 55 °C during 45 days

Storage time (day)  Migration level (ng/mL)

BPA  BADGE-2H,0  BADGE-H,0-HCl

1 219" 1.11 0.00
2 2.66 1.73 0.17
3 3.30 2.04 0.41
5 3.49 2.93 0.57
7 3.91 3.32 0.57
9 4.32 3.47 0.62
12 4.95 3.80 0.65
15 5.74 3.83 0.67
18 6.60 3.94 0.72
22 6.82 3.92 0.81
26 7.16 3.97 0.89
30 7.11 4.18 0.96
35 7.18 4.34 1.12
40 7.37 4.47 1.24
45 7.56 4.47 1.48

4 All the italic values are test sets. A straightforward random selec-
tion was used to create training and test sets. Test sets were selected
randomly every six data one by one (from up to down, and column by
column), and the selected eight data in the table are given in italics

Table 5 Analysis of the statistical significance of each independent
variable in Eq. (1)

Variable P value <0.05
M 4.15E—19 Yes
t 6.13E—10 Yes
C, 8.53E—10 Yes

Table 6 Analysis of the statistical significance of each independent
variable in Eq. (2)

Variable P value <0.05
M 4.78E—16 Yes
t 3.17E—-08 Yes
C, 3.44E—08 Yes

Table 7 Analysis of inter-correlations (R value®) between the indi-
vidual values of the independent variables in Eq. (1)

concerning the migration behavior of our target chemicals
in oily simulant.

Validation of migration model

It is suggested that only validated QSPR model can offer a
meaningful mechanistic interpretation. In order to validate
this QSPR model, several approaches should be done,
including Y-randomization [36], robust internal validation
strategies, such as leave-one-out cross-validations, and
external validation. The correlation coefficient Ry oo of
LOO cross-validation is the most accepted methods used to
validate QSPR models. Although a small value of R} oo in
the LOO test typically indicates low predictive ability of a
model, the opposite is not necessarily true. So, a high Ry oo
is the necessary condition for a model to have a high
predictive power, but it is not a sufficient condition. In
order to estimate the true predictive power of a QSPR
model, it needs to compare the predicted and observed
activities of a large external test set of compounds that
were not used in the model development [37, 38]. The
predictive power of a QSPR model can be estimated by
02, defined as follows:

prediction )
Zl (yi = i)
2 1 _ i=
QCX[ =1 prediction )
(y i— Y tr)

i=1

where y; and y; are the measured and predicted (in the test
set) values of the dependent variable and y,, is the averaged
value of the dependent variable for the training set.

Based on the above theory, the 45 experimental data
were divided into two sections: the training sets and test
sets. A straightforward random selection [39, 40] through
activity sampling [41, 42] was used to create training and
test sets. Test sets were selected randomly every six data
one by one, and the selected eight data in Table 4 are given
in italics. Subsequently, the migration model was devel-
oped by the following 37 experimental data, and the
equation was as follows:

Table 8 Analysis of inter-correlations (R value®) between the indi-
vidual values of the independent variables in Eq. (2)

Variable M t C, Variable M t C,
M 1 M 1

t —2.9E—17 1 t 0.002751 1

C, —0.48564 —4.1E—18 1 C, —0.49248 —0.00651 1

% R value stands for correlation coefficient; if IRl < 0.8, there are no
significant inter-correlations between each independent variable
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Y = 13.835 — 0.02985M + 0.0664¢ — 0.00604C,
N =37, R=0.9436, SD =0.79, F = 89.29,
Rroo =0.9436, P = 6.45E — 16 <0.05, (2)

External validation: Q.. = 0.9318; the results in Table 6
show that all the independent variables used for estab-
lishing the model are of statistical significance; Table 8
implies that there are no significant inter-correlations
between the three independent variables.

The selected eight test sets were adopted to validate the
predictive power of the developed model, and the calcu-
lated value of Q. was 0.9318. So the results suggested that
the established model is of high stability and predictability.

Application of established model of migration—the
combination of the migration model and real canned
foods

The established model was tentatively used to predict the
migration level and trend of several kinds of bisphenol-A-
related compounds in some representative oily canned
foods (canned fish, canned pork paste with mushroom and
canned stewed pork). Variables of M (g molfl), t (from the
10th to the 18th months after these cans’ sealing) and C,
[ug (6 dm?*)~'] were put into the migration model (Eq. 1),
and the predicted migration values of contaminants were
obtained and compared to those observed values. Subse-
quently, the values of Q.,, were calculated to evaluate the
fitting of data obtained by the model. Figure 4 shows the
migration trend and migration level of these bisphenol-A-
related compounds in three oily canned foods at room
temperature. Migration levels of these compounds were
evaluated and compared to those observed ones, whose
results showed a good fitting of data. And most of the
external validation correlation coefficients of these com-
pounds were >0.9000, which indicated that the established
model had a good stability and predictability when it was
used for predicting the migration of bisphenol-A-related
compounds in real canned foods.

Figure 4a shows the migration model of BADGE-HCL
in canned fish which fits very well to the experimental data,
and its external validation coefficient Q.. is 0.9319. What
makes the model better is that the predicted migration data
and the experimental data have same migration trends, and
this phenomenon is what we expected. It also showed that
the experimental data are a little bigger than the predictive
data and this situation can be explained by the fact that
some other kinds of bisphenol-A-related compounds (such
as BADGE-H,O and BADGE-2H,0) translated into
BADGE-HCL and BADGE-2HCL with storage time [35].
Figure 4b—e takes on the same migration trends as Fig. 4a.
All the results obtained by the model show a fairly good
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Fig. 4 Migration trend of several kinds of bisphenol-A-related
compounds in three oily canned foods at room temperature.
a BADGE-HCI in canned fish, Qe = 0.9319. b BADGE-H,0-HCl
in canned pork, Q.. = 0.9802. ¢ BADGE-H,0-HCl in canned fish,
Qex = 0.9116. d BADGE-2HCl in canned pork. e BADGE-H,0-HC1
in canned pork paste with mushroom

relationship between M, ¢, C, and the migration levels. So
the developed migration model can provide an important
reference to explore the migration of bisphenol-A-related
compounds from canned food-packaging materials into
foodstuffs.

It also implied that the migration behavior of BAD-
GE-H,0 and BADGE-2H,O in all the three tested samples
did not comply with our developed model (figures not
shown). Their migration level started to decrease or even
disappeared in the later storage time (shown in Fig. 3).
This may be explained by the fact that BADGE-H,0 and
BADGE-2H,0 translated into the chlorinated derivatives
like BADGE-2HCL and BADGE-H,0-HCL in the presence
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of sodium chloride under slightly acidic conditions or
reacted with food ingredients, such as amino acids, protein
and sugars [34, 43], which led to the decrease in their
migration levels. All those reactions between bisphenol-A-
related compounds and food contents can be confirmed by
high-resolution mass spectrometric detection, which can
explain the unusual behavior of compounds like BAD-
GE-H,0. Further, more study about migration of these
compounds in canned food should be conducted in the
future, and consequent modification of the developed
migration model in our experiment has to be done.

Conclusion

The developed UPLC-ESI-MS/MS analytical method
coupled with the established QSPR model of migration can
provide an important reference to explore the migration
behavior of bisphenol-A-related compounds in canned
foods. Meanwhile, the simple model can simulate and
predict the migration of the analytical contaminants, whose
results showed that the correlations between migration
behavior and M, ¢ and C, were significant. Furthermore, the
model was able to evaluate the worst-case scenario with
regard to the amount of compounds capable of leaching
into foodstuffs. Taking into account that there are very
little data available in the scientific literature regarding
food matrices, the most important contribution of the
present study is the combination of the established model
(developed in oil simulant) and the real canned foods. The
migration model can tentatively predict the migration trend
of bisphenol-A-related compounds into real canned foods,
and in return, canned foods can validate the applicability of
the model, whereas the model still needs further data for
validation and modification concerning some abnormal
migration behavior of some unstable bisphenol-A-related
compounds, such as BADGE-H,O0.

Acknowledgments This work has been supported by
2010C32G2050021 project of Science Technology Department of
Zhejiang Province and Y3100689 project of Zhejiang natural science
foundation.

Conflict of interest None.

Compliance with Ethics Requirements This article does not
contain any studies with human or animal subjects.

References

1. Dodds EC, Wilfrid L (1936) Synthetic estrogenic agents without
the phenanthrene nucleus. Nature 137:996

2. Frederick SS, Benson TA, Scott MB, Linda SB, Andrew CD,
Eriksen M, Farabollini F (2007) Chapel Hill bisphenol A expert

@ Springer

10.

12.

13.

14.

15.

16.

17.

18.

panel consensus statement: integration of mechanisms, effects in
animals and potential to impact human health at current levels of
exposure. Reprod Toxicol 24:131-138

. Mok-Lin E, Ehrlich S, Williams PL, Petrozza J, Wright DL,

Calafat AM, Ye X, Hauser R (2010) Urinary bisphenol A con-
centrations and ovarian response among women undergoing IVF.
Int J Androl 33:385-393

. Spanier AJ, Kahn RS, Kunselman AR, Hornung R, Xu Y, Calafat

AM, Lanphear BP (2012) Prenatal exposure to bisphenol A and
child wheeze from birth to 3 years of age. Environ Health Per-
spect 120:916-920

. Perera F, Vishnevetsky J, Herbstman JB, Calafat AM, Xiong W,

Virginia R, Wang S (2012) Prenatal bisphenol A exposure and
child behavior in an inner-city cohort. Environ Health Perspect
120:1190-1194

. Philippat C, Mortamais M, Cecile C, Claire P, Calafat AM, Ye X,

Silva MJ, Brambilla C, Pin I, Charles MA, Cordier S, Slama R
(2012) Exposure to phthalates and phenols during pregnancy and
offspring size at birth. Environ Health Perspect 120:464-470

. EU (2005) Commission regulation (EC) No. 1895/2005. Off J

Eur Union, No. L 302:28-32

. EU (1997) Council Directive 97/48/EC of 29 July 1997 amending

for the second time Council Directive 82/711/EEC laying down
the basic rules necessary for testing migration of the constituents
of plastic materials and articles intended to come into contact
with foodstuffs. Off J Eur Union, No. L 222:1-10

. Luo SL, Wu SL, Zhang Z, Zhou G, Li J, Gao Y (2009) Migration

of bisphenol-A-diglycidyl ether and its derivatives into canned
meat and fish. Food Sci 30:52-56

Chen ZF, Liu XH, Sun L (2009) Determination of Bisphenol-type
contaminants from food contacting materials. J Packag Eng
30:40-43

. Lopez-Cervantes J, Paseiro-Losada P (2003) Determination of

bisphenol A in, and its migration from, PVC stretch film used for
food packaging. Food Addit Contam 20:596-606

Zhang H, Xue M, Lu YB, Dai ZY, Wang HH (2010) Microwave-
assisted extraction for the simultaneous determination of Novolac
glycidyl ethers, bisphenol A diglycidyl ether, and its derivatives
in canned food using HPLC with fluorescence detection. J Sep
Sci 33:235-243

Xue M, Zhang H (2010) Analysis of residual bisphenol A, bi-
sphenol F and their epoxy derivatives in canned food by HPLC.
J Chin Cereals Oils Assoc 25:136-140

Sun C, Leong LP, Barlow PJ, Chan SH, Bloodworth BC (2006)
Single laboratory validation of a method for the determination of
bisphenol A, bisphenol A diglycidyl ether and its derivatives in
canned foods by reversed-phase liquid chromatography. J Chro-
matogr A 1129:145-148

Ballesteros O, Zafra A, Navalon A, Vilchez JL (2006) Sensitive
gas chromatographic—mass spectrometric method for the deter-
mination of phthalate esters, alkylphenols, bisphenol A and their
chlorinated derivatives in wastewater samples. J Chromatogr A
1121:154-162

Zou YY, Lin SJ, Chen S, Zhang H (2012) Determination of bi-
sphenol A diglycidyl ether, novolac glycidyl ether and their
derivatives migrated from can coatings into foodstuff by UPLC-
MS/MS. Eur Food Res Technol 235:231-240

Gallart-Ayala H, Moyano E, Galceran MT (2011) Fast liquid
chromatography-tandem mass spectrometry for the analysis of
biphenol A-diglycidyl ether, bisphenol F-diglycidyl ether deriv-
atives in canned food and beverages. J Chromatogr A 1218:
1603-1610

Pardo O, Yusa V, Leon N, Agustin PA (2006) Determination of
bisphenol diglycidyl ether residues in canned foods by pressured
liquid extraction and liquid chromatography-tandem mass spec-
trometry. J Chromatogr A 1107:70-78



Eur Food Res Technol (2013) 237:1009-1019

1019

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

Garcia RS, Losada PP (2004) Determination of bisphenol A di-
glycidyl ether and its hydrolysis and chlorohydroxy derivatives
by liquid chromatography—mass spectrometry. J Chromatogr A
1032:37-43

Lin SJ, Chen S, Xue M, Zhang H (2011) Determination of bi-
sphenol A diglycidyl ether (BADGE), novolac glycidyl ethers
(NOGE) and its derivatives in canned fish and meat by ultra-
performance liquid chromatography with tandem mass spec-
trometry. Food Fermn Ind 37:155-160

Brandsch J, Mercea P, Tosa V, Piringer O (2002) Migration
modeling as a tool for quality assurance of food packaging. Food
Addit Contam 19:29-41

Maria de Fatima P, Oliveira JC, Pereira JR, Brandsch R, Hogg T
(2011) Modeling migration from paper into a food simulant. Food
Control 22:303-312

Silva AS, Cruz JM, Garcia RS, Franz R, Losada PP (2007)
Kinetic migration studies from packaging films into meat prod-
ucts. Meat Sci 77:238-245

Pocas MF, Oliveira JC, Brandsch R, Hogg T (2012) Analysis of
mathematical models to describe the migration of additives from
packaging plastics to foods. J Food Process Eng 35:657-676
Wang T, Li M, Zhang S (2011) Investigation and application of
quantitative structure property relationship for the migration of
esters additives in PE film. Food Sci 32:74-78

Gramatica P (2007) Principles of QSAR models validation:
internal and external. QSAR Comb Sci 26:694-701

Food U.S. (1999) Container closure systems for packaging
human drugs and biologics, chemistry, manufacturing, and con-
trols documentation, guidance for industry, Maryland, USA, U.S.
Department of Health and Human Services, Food and Drug
Administration, Center for Drug Evaluation and Research
(CDER), Center for Biologics Evaluation and Research (CBER)
Cai YF (2004) Accelerated shelf life testing and application.
Food Sci Technol 1:80-82

GB/T 4789.26-2003 (2003) Microbiological examination of food
hygiene—examination of commercial sterilization of canned food
Tropsha A, Gramatica P, Gombar VK (2003) The importance of
being earnest: validation is the absolute essential for successful
application and interpretation of QSPR models. QSAR Comb Sci
22:69-77

Munguia-Lopez EM, Gerardo-Lugo S, Peralta E, Bolumen S,
Soto-Valdez H (2005) Migration of bisphenol A (BPA) from can

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

coatings into a fatty-food simulant and tuna fish. Food Addit
Contam 22:892-898

Begley TH (1997) Methods and approaches used by FDA to
evaluate the safety of food packaging materials. Food Addit
Contam 14:6-7

Cabado AG, Aldea S, Porro C, Ojea G, Lago J, Sobrado C,
Vieites JM (2008) Migration of BADGE (bisphenol A diglycidyl-
ether) and BFDGE (bisphenol F diglycidyl-ether) in canned
seafood. Food Chem Toxicol 46:1674-1680

Petersen H, Biereichel A, Burseg K, Simat TJ, Steinhart H (2008)
Bisphenol A diglycidyl ether (BADGE) migrating from packag-
ing material “disappears” in food: reaction with food compo-
nents. Food Addit Contam 25:911-920

Richard N, Biedermann M, Grob K (1999) Reaction of bisphenol-
A-diglycidyl ether (BADGE) from can coatings with food com-
ponents. Mitteilungen aus dem Gebiete der Lebensmittelun-
tersuchung und Hyg 90:532-545

Word S, Eriksson L (1995) In: Waterbeemd H (ed) Chemomet-
rics methods in molecular design. Weinheim, Germany
Gramatica P, Papa E (2003) QSPR modeling of bioconcentration
factor by theoretical molecular descriptors. QSAR Comb Sci
22:374-385

Gramatica P, Pilutti P, Papa E (2003) QSAR prediction of ozone
tropospheric degradation. QSAR Comb Sci 22:364-373

Wu W, Walczak B, Massart DL, Heuerding S, Elast IR, Prebble
KA (1996) Artificial neural networks in classification of NIR
spectral data: design of the training set. Chemometr and Intell
Lab 33:35-46

Yasri A, Hartsough D (2001) Toward an optimal procedure for
variable selection and QSAR model building. J] Chem Inf Comput
Sci 41:1218-1227

Kauffman GV, Jurs PC (2001) QSAR and k-nearest neighbor
classification analysis of selective cyclooxygenase-2 inhibitors
using topologically-based numerical descriptions. J Chem Inf
Comput Sci 41:1553-1560

Mattioni BE, Jurs PC (2002) Development of quantitative struc-
ture-activity relationship and classification models for a set of
carbonic anhydrase inhibitors. J] Chem Inf Comput Sci 42:94-102
Coulier L, Bradley EL, Bas RC, Verhoeckx KCM, Driffield M,
Harmer N, Castle L (2010) Analysis of reaction products of food
contaminants and ingredients: bisphenol A diglycidyl ether
(BADGE) in canned foods. J Agric Food Chem 58:4873-4882

@ Springer



	Kinetic migration studies of bisphenol-A-related compounds from can coatings into food simulant and oily foods
	Abstract
	Introduction
	Materials and methods
	Reagents and materials
	Instruments and their conditions
	Samples
	Extraction of bisphenol-A-related compounds from food simulant

	Extraction of bisphenol-A-related compounds from packaging materials and canned foods
	Extraction from can coatings
	Extraction from food content
	Migration rule of bisphenol-A-related compounds in canned food and food simulant
	Experimental design
	Mathematical models

	Results and discussion
	Optimization of extraction of oily simulant
	Method validation
	Validation data of oily food simulant
	Validation data of real canned foods

	Migration rule of bisphenol-A-related compounds into food simulant
	Migration rule of bisphenol-A-related compounds in canned food
	Establishment of QSPR migration model of bisphenol-A-related compounds in food simulant
	Establishment of migration model
	Validation of migration model
	Application of established model of migration---the combination of the migration model and real canned foods

	Conclusion
	Acknowledgments
	References


