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Abstract

Background Bisphenol A diglycidyl ether (BADGE) and Bisphenol F diglycidyl ether (BFDGE) are used in medical
devices, such as intravenous sets, syringes, and catheters. Several studies have reported that these compounds are
endocrine disruptors, cytotoxic, and genotoxic, raising concerns about their adverse effects on infants, in a stage
of remarkable growth and development. The present study aimed to measure the serum concentrations of BADGE,
derivatives of BADGE, and BFDGE in infants and examine the factors that influence them.

Methods Ten infants admitted to the neonatal intensive care unit (NICU) were enrolled in the present study. Blood
samples from each infant and questionnaires from their mothers were collected twice, at 1-2 months and 7 months
of age. BADGE, BADGEH,O, BADGE-2H,0, and BFDGE were quantified using liquid chromatography-tandem mass
spectrometry (LC-MS/MS).

Results Serum BADGE-2H,0 was identified in all infants, at both 1-2 months (2.30-157.58 ng/ml) and 7 months

of age (0.86-122.85 ng/ml). One of the two infants who received invasive ventilation showed a substantially increased
BADGE-2H,0 concentration. There was no significant difference in BADGE-2H,O concentrations at 7 months of age
between the group that ate commercial baby food at least > 1 time per week and the group that did not.

Conclusions BADGE-2H,0 was detected in the serum of all infants with a history of NICU hospitalization. Future stud-
ies are needed to determine the source of BADGE exposure and investigate its effects on infant development.

Keywords Bisphenol A diglycidyl ether, Bisphenol F diglycidyl ether, Neonatal exposure, Medical equipment

*Correspondence:

Atsuto Onoda

3b13624@alumni.tus.acjp

Full list of author information is available at the end of the article

©The Author(s) 2024. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the
original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or

other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this
licence, visit http://creativecommons.org/licenses/by/4.0/. The Creative Commons Public Domain Dedication waiver (http://creativecom-
mons.org/publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise stated in a credit line to the data.


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s12887-023-04493-1&domain=pdf

Kuwamura et al. BMC Pediatrics (2024) 24:26

Background

Epoxy and vinyl chloride resins are widely used for the
inner coating of canned and retort pouch foods. Bis-
phenol A diglycidyl ether (BADGE) is synthesized when
epoxy resins are produced via the condensation of Bis-
phenol A (BPA) and epichlorohydrin [1]. Similarly, the
reaction of phenol formaldehyde resin with epichloro-
hydrin produces bisphenol F diglycidyl ether (BFDGE).
During storage, food coatings can interact with aqueous
and acidic foods, leading to the formation of hydroly-
sis derivatives, such as BADGE-2H,0, BADGE-H,0,
BFDGE-2H,0, and BFDGE-H,0, that may migrate into
the food. Furthermore, BADGE and BFDGE can be
added to remove the hydrochloric acid produced during
thermal coating, which could result in the formation of
chlorine derivatives [2]. Migration of BADGE, BFDGE,
and their derivatives into canned foods and beverages has
been reported in several countries. For instance, deriva-
tives of BADGE have been detected in canned vegetables
and mixed dishes in France, [3] while BADGE and deriv-
atives of BADGE have been found in canned fish, vegeta-
bles, and sauces in Japan [4]. Both BADGE and BFDGE
have been detected in infant formulas in Canada [5].
Therefore, food is regarded as a major source of exposure
to BADGE and BFDGE [6]. BADGE, BFDGE, and their
derivatives have been detected in adult human body flu-
ids and tissues [6—8]. Furthermore, BADGE is also used
in paints, adhesives, floorings, clothing, textiles, and fur-
niture coatings [9, 10]. Infants characteristically put any-
thing they can reach into their mouths, increasing their
potential exposure to BADGE and its toxic effects.

The capacity of BADGE and its derivatives to disrupt
endocrine function and induce cytotoxicity and geno-
toxicity raises significant concerns regarding their safe
use [11-13]. Infants expressing BADGE-specific immu-
noglobulin G (IgG) showed high food-specific immuno-
globulin E (IgE) levels, suggesting that BADGE affects
the immune system [14]. Furthermore, BFDGE has been
implicated in cytotoxic, mutagenic, and genotoxic effects
[15]. Accordingly, the commission of the European Com-
munities has set a limit on their migration into food, up
to 9 mg/kg for the sum of BADGE and its hydrolyzed
derivatives (BADGE-H,0, BADGE-2H,0) and 1 mg/kg
for the sum of BADGE formed as reaction products with
HCl (BADGE-HCIl, BADGE-2HCI, BADGE-H,0-HCI)
[16]. The Commission has also prohibited the use or
presence of BFDGE. However, there are no regulations
regarding the use of BADGEs or BFDGE in medical
devices.

In addition to everyday applications, various medical
devices, such as intravenous (IV) sets, syringes, and cath-
eters, are made of plastics, such as BPA-based polycar-
bonate, and epoxy resins are used as adhesives. Because
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BADGE is synthesized during the production of epoxy
resins, medical devices can be a source of exposure to
BADGE. Neonates admitted to the neonatal intensive
care unit (NICU) require several medical devices for life
support, including incubators, ventilators, IV sets, gas-
troesophageal tubes, and urinary catheters. A previous
study on neonates admitted to the NICU reported that
the increased use of medical devices was associated with
high levels of BPA in their urine, regardless of their oral
exposure to BPA [17]. High levels of urinary BPA have
also been observed in patients in pediatric intensive care
units, where medical devices are frequently used [18, 19].
However, there are no reports on the association between
the use of medical devices and BADGE concentrations.

The purpose of the present study was to measure serum
levels of BADGE, derivatives of BADGE, and BFDGE
in infants with a history of hospitalization in the NICU
and evaluate their association with medical devices and
the living environment. Derivatives of BFDGE were not
included owing to a lack of established standards and
detection methods.

Methods

Study design

Sixteen neonatal patients admitted to the NICU of the
University of Occupational and Environmental Health,
Japan between November 2017 and November 2019,
whose parents provided consent to participate, were
enrolled in the study. Their reasons for hospitalization
included premature birth, low birth weight, transient
tachypnea of the newborn (TTN), neonatal respiratory
distress syndrome (RDS), or hyperbilirubinemia. Exclu-
sion criteria were infants with inherited metabolic
diseases, chromosomal abnormalities, or congenital mal-
formations. We collected blood samples from the infants
twice: once at 1-2 months to assess the effects of medi-
cal equipment used in the NICU, and a second time at
the seven month medical checkup, to assess the effects
of living at home. The first samples were collected dur-
ing the blood tests needed for treatment in the NICU and
for evaluation after discharge. Japanese infants typically
begin eating baby food at around 6 months of age, con-
sequently parents become more concerned about food
allergies at this time. Therefore, the second set of sam-
ples were collected when blood tests were performed on
infants whose parents requested testing for food allergies
at the seven month examination. Approximately 3—-5 mL
blood was collected with a butterfly needle connected to
a syringe, and 2 ml of sample was used for this study. Six
infants were excluded because we were unable to obtain
serum samples at seven months of age. Consequently, 10
neonates were ultimately included.
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Information on infants during NICU admission was
collected from medical records and included gesta-
tional age, height, weight, feeding type (breast milk or
formula) and method (tube or bottle) of nutrition, as
well as days of medical equipment use (peripheral infu-
sion, central venous catheter, gastroesophageal tube,
ventilator, nasal intermittent positive pressure venti-
lator, high-flow nasal cannula, and incubator). Nasal
intermittent positive pressure ventilation (NIPPV) pro-
vides respiratory support via nasal prongs [20]. All the
baby bottles used in the NICU were made of glass.

Information on infants was collected from question-
naires completed by the mothers at the time of serum
sample collection. The questionnaire included ques-
tions on nutrition type and method (breastfeeding or
plastic or glass bottles), children’s toy materials, and
baby food intake. In addition, to ascertain epoxy resin
exposure to family members, the question, “Does
anyone in your family use the following in their jobs
or hobbies?: paints, adhesives, printing presses, or
imported furniture " was included. We obtained infor-
mation about the medical history of mothers during
pregnancy.

Detection of BADGE

Chemicals

Chemicals, including BADGE (B519500) and BFDGE
(B519540), BADGE-2H,0 (15,137), and BADGE-H,O
(73,417), were procured from FUJIFILM Wako Chemicals
(Osaka, Japan) and Sigma-Aldrich (St. Louis, MO, USA)
for analytical standards. Internal standards, BADGE-D6
(TRC-B519502) and BFDGE-'°C;, (CIL-CLM-9867),
were obtained from LGC Standards (Teddington, United
Kingdom). These substances were of liquid chromatog-
raphy-mass spectrometry (LC-MS) or high-performance
liquid chromatography (HPLC) grade, with molecular
structures shown in Figure S1. Milli-Q water and LC-MS
grade methanol (MeOH) from an ultrapure water system
(Barnstead International, Dubuque, IA, U.S.) were used.
Serum samples were stored below — 30 °C, and solutions
for calibration and working standards were prepared by
dilution of stock solutions in MeOH.

Calibrators and quality controls were spiked in MeOH
from the stock solutions, resulting in concentrations of
1.0, 0.1, 0.01, and 0.001 ng/pL. A working solution of the
internal standard (0.01 ng/pL BADGE-D6) in MeOH was
prepared. Calibrators were spiked with the spiking solu-
tions to achieve a final concentration range of 0.05—-100
ng/mL in 200 uL of water. Quality control samples for
each run were freshly prepared by adding a spiking solu-
tion to achieve concentrations of 1.0, 10, and 50 ng/mL in
200 pL of blank serum matrixes.
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Sample preparation

Samples were prepared following previously described
procedure [7, 21]. In brief, 200 pL of serum was trans-
ferred to a glass tube, and 0.3 ng of BADGE-D,4 and
BFDGE-C,, internal standards were added to blanks
and samples before extraction. Extraction was performed
using a 1:1 (v/v) mixture of ethyl acetate and hexane (2
mL total volume). After vortexing and centrifugation at
3000 rpm for 10 min, the supernatant was dried with a
TurboVap LV evaporator under nitrogen at 35 °C. The
remaining substances were dissolved in 200 pL of the ini-
tial mobile phase, and a 10-pL aliquot was injected into
the LC-MS/MS system.

Detection and measurement conditions

The Shimadzu Prominence-i HPLC (Shimadzu Co.,
Kyoto, Japan) and QTRAP® 6500 mass spectrometer (AB
Sciex Pte. Ltd., Framingham, MA, USA) were utilized
for target chemical separation and quantification. L-col-
umn2 ODS (1.5%x150 mm and a particle size of 3 pm)
from the Chemicals Evaluation and Research Institute
(Tokyo, Japan) was employed with a gradient elution of
5% methanol (A) and 95% water (B), both containing 5
mM ammonium acetate. The flow rate was maintained
at 0.10 ml/min, staring with a 70:30 (A/B) ratio for 5 min
and increasing to 100% B over 20 min. Mass spectrometry
operated in positive electrospray ionization mode, with
capillary and vaporizer temperatures set at 500 °C, an ion
spray voltage of 4500 V, and the nitrogen sheath and aux-
iliary gases were set to 40 arbitrary units. Ion pairs m/z
358 —» 191, m/z 376 — 209, m/z 394 — 209.0, m/z 330 —
163.0, m/z 364 — 197.0 and m/z 342 — 169 were used to
quantify BADGE, BADGE-H,0, BADGE-2H, O, BFDGE,
BADGE-D6, and BFDGE-13C2, with optimized colli-
sion energies at 19, 19, 21, 17, 19 and 17 eV, respectively.
MultiQuant software (ver. 2.2.1, AB Sciex Pte. Ltd.) was
employed for LC-MS/MS data analysis.

Validation methods and data analysis

Validation methods and data analysis followed proce-
dures from a previous study [21]. In the internal standard
method, a calibration curve for each analyte was con-
structed from the ratio of analyte response to internal
standard response in measured standard solutions. All
validation criteria, including reproducibility and accu-
racy, were determined based this ratio. Quantification
used the pre-extraction matrix-spiked calibration curve.
Replicate analysis (N=3) involved measuring standard
solutions with consistent sample preparation and instru-
mental analysis. Matrix-matched calibration standards
and solvent calibration standards verified instrumental
calibration and correlation coefficients. Accuracy and
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precision, demonstrated as relative standard deviation
(RSD), were assessed through inter-day precision and
recovery experiments (n=3). Accuracy and precision of
each concentration ranged from 81.6 to 103.2% and 1.41-
7.65% RSD (Table S1). The matrix effect was evaluated by
observing the LC-MS/MS response changes due to co-
elution of endogenous matrix components comparing a
pure standard solvent solution injection.

The excretion speed per date (ESD) was calculated
using the equation:

(52 —S1)

ESD= ——————
(CDy — CDy)

Where S, refers to the concentration (ng/mL) of the
first sample, S, to the concentration (ng/mL) of the sec-
ond sample, where CD; refers to the first collection date
and CD, to their second collection date.

Statistical analyses

Data were analyzed by using STATA version 14.0. Data
normality was evaluated using the Shapiro—Wilk test.
Numerical variables showing non-normal distributions
are presented as median values. Concentrations of the
first and second BADGE derivatives were compared
using the Wilcoxon signed-rank test.

As BADGE has been detected in retort foods, includ-
ing baby food, BADGE concentrations were compared
by categorizing them according to the frequency of com-
mercial baby food intake [3]. The Mann—Whitney U test
was used to compare the concentration of BADGE deriv-
atives between the two groups. Statistical significance
was set at P<0.05.

Results

We summarized the characteristics of the participating
infants at the time of first and second serum sample col-
lection (Table 1). The gestational age ranged from 30 to
38 weeks; 90% of the infants were preterm (<38 weeks),
and 80% had low birthweight (<2500 g). The length of
their hospital stays ranged from 5 to 62 days. Among the
participants, the first serum samples were collected from
three infants while still in the NICU (infant number 1-3).
For the remaining participants, the first serum samples
were collected between 8- and 39-days post-discharge
from the NICU. Infants 2 and 3 required respiratory
support through endotracheal intubation, and their first
serum samples were collected 53 and 31 days after extu-
bation, respectively.

The details of nutritional intake and home environ-
ment obtained from the questionnaire were described
(Table 2). Families of infants 3, 4, 5, and 6 answered that
they use products containing epoxy resin at the time of
the first or second questionnaire. All those families used
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printing presses, but only one of those families (that of
infant 5) also used adhesives.

The duration of medical device use during the NICU
admission showed that all infants received peripheral or
central venous infusions (Table 3). Infants 1, 2, 3, and 6
were provided with respiratory support due to respira-
tory impairment, and infants 2 and 3 underwent invasive
ventilation due to respiratory distress syndrome. Infants
with lower gestational age were exposed to more medical
devices for longer durations.

In all serum samples, only BADGE-2H,0 was quanti-
fied, while BADGE-H,O and BADGE were at their lower
limit of detection (LLOD, <0.09 ng/mL), and BFDGE
was at its lower limit of quantitation (LLOQ, <0.39 ng/
mL, Table 4). The highest BADGE-2H,O concentration
in the first serum sample was in infant number 3 (157.58
ng/mL), one of the infants who received invasive ventila-
tion. Concentrations of BADGE-2H,0 tended to be lower
in the second serum sample collected than in the first
(P=0.0593). However, the BADGE-2H,0O concentration
in the second sample collected from infant 5 was higher
than in the first sample (122.85 ng/mL). The median
excretion speed of BADGE-2H,0 per date was —0.06 ng/
mL/day (range: -0.80—0.47) (Table 4).

The concentrations of BADGE-2H,O at the second
sample collection grouped by frequency of commercial
baby food consumption were compared (Table 5). There
was no significant difference in BADGE-2H,0O concen-
trations in the samples obtained at the second collection
between the group that consumed commercial baby food
less than once per week and the group that consumed it
more often than once per week (P=0.9168).

Discussion

The objective of this study was to assess the levels of
BADGE, derivatives of BADGE, and BFDGE in infants
previously hospitalized in the NICU and examine their
potential correlation with medical devices and living con-
ditions. In the present study, the serum levels of BADGE,
derivatives of BADGE, and BFDGE were measured twice,
at approximately 1-2 months of age and again at approx-
imately 7 months of age, in 10 infants with a history of
NICU admission. Only BADGE-2H,0O was present at
levels above the threshold value of the testing method
at both sampling times, whereas BADGE-H,0, BADGE,
and BFDGE were not. There have been no previous
reports measuring the serum concentrations of BADGE,
derivatives of BADGE, and BFDGE in infants. Addition-
ally, there have been no previous reports evaluating the
exposure to BADGE via medical devices. Consequently,
this is the first report examining the relationship between
medical device use and living environment at home and
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Table 3 Duration of medical device use (days) on infants in the NICU
Infant Peripheral Peripherally inserted Nasogastric Nasal intermittent positive High-flow Ventilator Neonatal
number infusion central catheter tube pressure ventilation nasal cannula care
incubator
1 0 14 48 23 24 0 40
2 0 1 38 13 16 2 32
3 0 7 17 4 0 2 16
4 0 9 14 0 0 0 9
5 0 8 10 0 0 0 10
6 0 8 6 3 0 0 4
7 5 0 7 0 6 0 8
8 0 5 6 0 0 0 8
9 8 0 3 0 0 0 4
10 4 0 0 0 0 0 3
Table 4 Concentrations of BADGEs and BFDGE in serum samples and excretion speed
Concentrations (ng/mL) of 1st serum sample Concentrations (ng/mL) of 2nd serum sample ESD (ng/mL/day)
Infant number BADGE-2H,0 BADGE-H,0 BADGE BFDGE BADGE-2H,0 BADGE-H,0 BADGE BFDGE BADGE-2H,0
1 2524 LLOD LLOD  LLOQ 086 LLOD LLOD  LLOQ  -0.12
2 243 LLOD LLOD  LLOQ 104 LLOD LLOD  LLOQ  -001
3 157.58 LLOD LLOD  LLOQ 256 LLOD LLOD  LLOQ  -0.80
4 2.54 LLOD LLOD LLOQ 1.73 LLOD LLOD LLOQ 0.00
5 36.78 LLOD LLOD  LLOQ 12285 LLOD LLOD  LLOQ 047
6 2.30 LLOD LLOD  LLOQ 152 LLOD LLOD  LLOQ 0.0
7 3229 LLOD LLOD  LLOQ 378 LLOD LLOD  LLOQ  -0.16
8 11.02 LLOD LLOD  LLOQ  7.04 LLOD LLOD  LLOQ  -0.03
9 21.03 LLOD LLOD  LLOQ 248 LLOD LLOD  LLOQ  -0.10
10 25.60 LLOD LLOD  LLOQ 245 LLOD LLOD  LLOQ  -0.13
median (min-max) 23.13 (2.30-157.58) 247 (0.86-122.85) -0.06 (-0.80-0.47)

ESD Excretion speed per date, LLOD Lower limit of detection, <0.09 ng/mL. LLOQ lower limit of quantitation, <0.39 ng/mL

Table 5 Differences in BADGE-2H,O concentration by frequency
of commercial baby food

Frequency of commercial baby food BADGE-2H,0
at 2nd time of
collection

<1/week (infant number 2,3,5,6,9) 1.04-122.85

>1/week (infant number 1,4,7,8,10) 0.86-7.04

serum BADGE-2H,O concentrations in infants with a
history of NICU hospitalization.

While no reports of measuring BADGEs (BADGE and
its derivatives) or BFDGEs (BFDGE and its derivatives) in
infants have been published, urinary BPA has been meas-
ured [16]. Urinary BPA levels were significantly higher
in infants in the NICU who used four or more medical
devices within three days than in infants who used three

or fewer medical devices [17]. Although breast milk and
formula BPA concentrations were also measured, no sig-
nificant differences were found, and the infants’ urinary
BPA concentrations did not differ according to the feed-
ing method. Furthermore, urinary BPA levels were signif-
icantly high in pediatric intensive care unit patients who
were endotracheally intubated or who underwent hemo-
dialysis [18]. These reports suggested that invasive medi-
cal procedures increase chemical exposure from medical
devices. In the present study, the first sample in infants
1-3 was collected while they were in the NICU. There-
fore, the concentration of the first samples of those three
infants reflected the chemical exposure in the NICU. Of
the three, infant 3 had the highest BADGE-2H,0O con-
centration, followed by infant 1, while infant 2 had the
lowest BADGE-2H,O concentration. All three infants
were fed breast milk and formula, and no correla-
tion was observed between the amount of formula and
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BADGE-2H,O concentration. Infants 2 and 3 were both
on ventilators for two days; however, the BADGE-2H,O
concentration was remarkably high for only infant 3. The
first serum sample from infant 2 was collected 53 days
after extubation, whereas the sample from infant 3 was
collected 31 days after extubation, which is a discrep-
ancy in timing that may have contributed to the differ-
ence in BADGE-2H,O concentrations observed. These
findings may suggest that invasive ventilation is asso-
ciated with increased serum BADGE concentrations,
similar to a previously reported association between
BPA and invasive ventilation [17]. Although infant 3 had
been extubated for 31 days prior to the sampling, his
BADGE-2H,0 concentration was still clearly higher than
that of the other infants and may have been even higher
during endotracheal intubation management. There
are no previous reports on the daily excretion rate of
BADGE-2H,O. The daily excretion rate calculated in the
present study was affected by new or sustained exposures
between the first and second sample collection. There-
fore, it is important to note that this excretion rate does
not simply represent the rate at which BADGE-2H,0 is
excreted from the body.

There was no significant difference, but nine of the
ten infants had lower BADGE-2H,O concentrations in
the second sample than in the first, which may be due to
the potential influence of the insertion of various medi-
cal devices during the NICU admission and immatu-
rity of metabolism and excretion. In humans, BADGE
is complexly hydrolyzed, oxidized, and conjugated to
produce several derivatives, which are excreted in urine
and feces [22]. Epoxide hydrolases, working primarily in
the liver, enzymatically hydrolyze BADGE to produce
the first by-product, BADGE-H,0. Further hydrolysis
by the same enzyme produces BADGE-2H,0, which is
further oxidized by monooxygenase to other oxidation
byproducts [22]. Many cytochrome P450s that function
as monooxygenases have low or no activity at birth, and
their activity gradually increases over the first 3 months
of life [23]. These suggest that delayed biotransformation
of BADGE-2H,0 in infants at 1-2 months of age occurs
and may induce its accumulation. In addition, it is well
known that renal function in infants is immature. Glo-
merular filtration rate (GFR) at birth is 19.6 ml/min per
1.73 m? and gradually increases to 59.4 ml/min per 1.73
m? by 4 weeks of age [24]. Subsequently, GFR increases
until about 2 years of age, when it reaches the adult val-
ues [25]. Therefore, the lower excretion of BADGE-2H,0
in urine in early infancy might be one of the causes of
higher serum concentration in the first sample.

Several reports have assessed the exposure to BADGEs
and BFDGEs in both adults and children. The urinary
levels of BADGE and its derivatives (BADGE-H,O,
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BADGE-2H,0, BADGE-H,0-HCI) observed in 57 adult
volunteers from the U.S. and China, as well as 70 Chi-
nese children, indicated that BADGE-2H,O was the
predominant substance detected among them [26]. Fur-
thermore, BADGE-2H,0 was detected with the highest
frequency, exceeding 90%, among the nine BADGE deriv-
atives (BADGE-H,0, BADGE-2H,0, BADGE-H,0-HC],
BADGE-2HCI, BADGE, BFDGE-2H,O, BFDGE-H,0,
BFDGE-2HCI, and BFDGE) in the serum and urine of
181 Chinese children and adolescents [27]. Hydrolysis of
BADGE-H,0 to BADGE-2H,0 is rapid, but oxidation of
BADGE-2H,0 to other byproducts by monooxygenase is
slow [22]. Therefore, BADGE-2H,0 possibly accumulates
in the body and is the predominant BADGE metabolite.
The serum and urinary concentrations of BADGE-2H,O
in 181 Chinese children and adolescents were up to
38.441 ng/mL and 8.902 ng/mL, respectively, indicating
that concentrations of BADGE-2H,0 are high in human
blood [27]. Compared to serum levels of BADGE-2H,O
in Chinese children and adolescents, those of some
infants in the present study were markedly higher
(157.58 ng/mL in infant 3 and 122.85 ng/mL in infant
5). These previous reports indicate a high detection rate
of BADGE-2H, 0, which was similar to the results of the
present study; however, unlike in previous reports, other
BADGEs and BFDGE were not detected in infants, which
may be due to differences in the sources of exposure and
metabolism.

Furthermore, urinary levels of BADGE-2HCI, BADGE-
2H,0, BADGE-H,0, BADGE-HC], and BEDGE-2H,0 were
negatively correlated with age, suggesting that younger
individuals may have a higher risk of exposure [27].
Sealants, paints, adhesives, furniture coatings, textile
fillers, packaging materials, dental fillers, and coatings
inside cans all contain BADGE [28]. Moreover, BADGE
and its derivatives have also been detected in the air and
indoor dust [29-31]. Infants who live closer to the floor
and have higher respiratory rates than adults are more
prone to ingesting dust particles. Only one infant in our
study, infant 5, had a markedly higher concentration of
BADGE-2H,0 at the second time of sample collection
than at the first. The family of infant 5 was the only one
who indicated in the second questionnaire that they
used adhesives. It is unclear who in the family was using
the adhesives and how, but it may be related to the
significantly high BADGE-2H,O concentrations in infant 5.
Since BADGE-2H,0O is formed by the hydrolysis of
BADGE in the body [22], it is expected that the infant’s
BADGE-2H,0 would be elevated due to exposure to
some BADGE.

Several studies demonstrated the toxicity of BADGE
and its derivatives. For instance, BADGE-2HCl and
BFDGE-2HCI exhibit antiandrogenic effects by binding
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to the androgen receptors in vitro; [13]. BADGE-2H,0
and BADGE 2Cl induce breast cancer cell prolifera-
tion via an estrogenic mechanism, without binding to
estrogen receptors [32]. Moreover, BADGE and BFDGE
were found to induce morphological changes and cell
detachment from the substrate in Caco-2 cells derived
from human intestinal epithelial cells [33]. As infants are
vulnerable to damage due to being in a state of remark-
ably rapid growth and development, it is necessary to
assess the impact of BADGE and BFDGE on children.
Based on our results and previous findings, we suggest
that younger children face a greater risk of exposure to
BADGE-2H,0. Future studies should increase the num-
ber of cases and determine the effects of BADGE-2H,O
on infants.

The absence of a control group is a limitation of the
present study, making it unclear whether the medi-
cal equipment used during NICU admission caused the
BADGE exposure. Further, it is of considerable impor-
tance that this study was able to investigate the relation-
ship between the differences in medical device use and
BADGE-2H,O concentrations in infants with the same
background history of NICU admission. There is uncer-
tainty regarding the human placental transfer of BADGE
or its derivatives, with a report that BADGE-2H,O was
detected in only 1 sample out of 14 umbilical cord blood
samples [7]. The placental transfer of BADGE-2H,0 may
have affected its concentrations in infants, but this was
unknown because maternal BADGE-2H,0O concentra-
tions were not measured in this study. In addition, the
concentration of BADGE in breast milk and formula and
that released from baby bottles was not measured; thus,
oral exposure was not evaluated. Similarly, BADGEs in
needles, syringes, spits, and other medical devices used
for blood collection have not yet been evaluated. Finally,
the present study did not investigate whether commercial
baby food packaging is indeed a source of exposure to
BADGEs because information about the packaging mate-
rial of commercial baby food was not available.

Conclusion

In the present study, BADGE-2H,0O was detected in
infants with a history of NICU hospitalization. Medical
equipment used during NICU hospitalization might be
a source of BADGE exposure. However, due to the small
sample size and absence of controls, a causal relationship
is not clear. One infant showed consistently high levels
of BADGE-2H,0 even after discharge from the hospital,
suggesting additional exposure to BADGE in the home
environment. Further studies with larger sample sizes
are required to better understand the extent of BADGE
exposure and its effects on infants.
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Abbreviations

BADGE  Bisphenol A Diglycidyl Ether
BFDGE  Bisphenol F Diglycidyl Ether

BPA Bisphenol A

HPLC High-performance liquid chromatography
IgE Immunoglobulin E

[e]€] Immunoglobulin G

LLOD Lower limit of detection

LLOQ Lower limit of quantitation

MeOH  Methanol

NIPPV Nasal positive pressure ventilation
NICU Neonatal intensive care unit

SRM Signal reaction monitoring
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