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Abstract

Background: Plastic-related contaminants, such as bisphenols, can enter the maternal body
and be transferred to breast milk. While common bisphenols such as bisphenol A, S, F and AF
have been detected in previous studies, there is limited knowledge about the occurrence of
other structurally similar compounds in human milk with potential endocrine-disrupting
properties.

Objective: In this study, we investigated structural analogues and functional alternatives of
bisphenol A (BPA) in 594 human milk samples collected from Canada (Montreal) and South
Africa (Vhembe and Pretoria) using LC-Q-TOF-MS through suspect screening.

Methods: Suspect screening was performed using data collected from the milk samples using
a customized database library (204 compounds). A retrospective semi-quantitative approach
was then applied to estimate the levels of TGSA, D-8 and D-90 in human milk.

Results: This work revealed the presence of eleven compounds, including four compounds
commonly used in thermal labels, four ultraviolet filters, and three synthetic antioxidants or
metabolites. Retrospective semi-quantification of D-8, D-90 and TGSA revealed levels of up
to 1.24, 1.98, and 0.72 ng/mL in milk, respectively.

Impact statement: Several structural analogues and functional alternatives of bisphenol A
were identified in human milk through non-targeted screening. Two other phenolic compounds
(Irganox 1010 and BHT-COOH) were identified in human milk for the first time. This study
highlights the importance of novel strategies in human milk biomonitoring to identify emerging
contaminants to which breastfeeding infants are exposed.

Keywords: Biomonitoring; Child Exposure/Health; Emerging Contaminants; Suspect
screening analysis



Introduction

Human milk contains a myriad of endogenous components crucial for the health and growth
of the infant, and is considered the optimal nourishment for infants by the World Health
Organization (WHO) [1,2,3]. Human milk is also reflective of the maternal environment and
can harbour chemical contaminants that the mother has ingested, inhaled or dermally absorbed
which can be transferred to the breastfeeding infants, and lead to health implications [4].

While the traditional targeted analysis methods used in most studies have enabled the
surveillance of a wide variety of contaminants in human milk, they fall short in identifying the
presence of all the potentially important compounds that may be present in this complex matrix
[5]. In recent years, the advent of suspect screening and non-targeted analysis (NTA) has
offered a promising approach for detecting multiple unknown contaminants across diverse
matrices [6], complementing targeted screening methods. These advancements have enabled
the development of analytical workflows that can characterize human exposures in multiple
environmental media (air, water, dust, soil) and human samples through the detection of a broad
spectrum of unknown compounds with varying polarities [5, 7].

Suspect screening is a subset of NTA used to identify specific chemicals, either within the same
family or across different families in matrices of interest [7]. Unlike true (comprehensive)
NTA, which can detect a broad range of compounds in samples without requiring prior
knowledge of their chemical composition, suspect screening relies on a predefined chemical
library to match and identify targeted suspects [8, 9]. Both suspect screening and NTA are
considered powerful tools for the identification of unknown contaminants, making them
valuable techniques for advancing the characterization of the human exposome [10, 11].
Despite the potential of suspect screening, only a few studies have employed it in assessing
chemicals in human milk, focusing mainly on various organic contaminants [12, 13]. To the
best of our knowledge, there have been no studies to date that have employed suspect screening
with a specific focus on detecting the presence of plastic-related contaminants (PRCs) in human
milk. These contaminants, ubiquitous in the environment, may affect the health of both mothers
and their breastfeeding infants as various phthalates and bisphenols, which are the dominant
classes of PRCs, may act as endocrine disruptors [14,15,16,17]. The existing data gap regarding
unidentified plastic-related substances highlights the importance of investigating their possible
presence in human milk from different regions, particularly in data-scarce countries like South
Africa, where limited information exists on the types of PRCs present in maternal milk.

Our previous study reported high levels of bisphenol A (BPA) as well as residues of bisphenol
S (BPS) and bisphenol AF (BPAF) in South African milk samples, suggesting the possible
presence of other types of bisphenol-related contaminants [18]. Beyond the detection of
conventional bisphenols, a recent report from the Government of Canada highlighted a surge
in the utilization of BPA alternatives and provided a list of 204 substances that share similar
structural and/or functional properties with BPA [19]. Humans are exposed to some of these
bisphenol analogues, UV filters and synthetic antioxidants, and this can lead to their transfer
to human milk, raising concerns with respect to their potential health impact on breastfeeding
infants [20, 21]. While previous studies have examined the presence of UV filters, synthetic
antioxidants and bisphenol analogues in packaging, food, soil, air, dust and human fluids such
as urine, few studies have investigated the simultaneous presence of these contaminants in
human milk [22,23,24,25,26,27,28,29]. Studies conducted in various countries, including
Canada, China, Korea, Japan, the United States, and European countries have mainly focused
on the targeted analysis of BPA and its major analogues in human milk, neglecting the broader



spectrum of contaminants that are structurally similar to bisphenols and are frequently
overlooked [30,31,32,33,34,35,36,37]. There is a need to investigate the presence of these
chemicals in breast milk due to the fact that these compounds may possess endocrine-disrupting
properties that are similar to those of known bisphenols [21, 38,39,40,41].

While suspect screening and comprehensive NTA allow for the detection of various unknown
or unexpected contaminants, it remains difficult to quantify their levels in comparison to the
traditional targeted approach after their identification [42]. Retrospective quantification, a
method that involves revisiting previously collected data files to derive quantitative
measurements, can be employed to estimate the levels of the identified contaminants [43]. To
date, only a small number of studies that have used suspect screening or comprehensive NTA
have attempted retrospective quantification or have attempted other methods to estimate the
levels of their identified compounds. One general approach for retrospective quantification is
the use of semi-quantification to estimate the levels of different identified compounds by using
standards that have been used during the initial analysis having structural similarities to the
identified compounds [43]. The concentration of the unknown is typically obtained by dividing
its peak area with the response factor (RF) of a similar standard [43]. However, the major
drawback of this approach is the potentially large inaccuracies in the levels of identified
contaminants that can occur during the semi-quantification process (up to several hundred-fold
for drugs in biological samples) [42]. Therefore, in addition to the need to investigate the
presence of bisphenol-related compounds in human milk, it is also necessary to explore new
semi-quantitative approaches that may provide more precise estimations of the levels of these
unknowns.

The present study focuses on synthetic phenolic compounds primarily found in the Technical
Consultation list of Health Canada [19]. For simplification, we encompass bisphenol
analogues, UV filters and synthetic antioxidants into a single group referred to as “bisphenol-
related compounds.” In this work, we present a novel perspective on the presence of different
types of bisphenol-related unknowns in human milk using suspect screening for their
identification through a customized database library. We also offer a retrospective semi-
quantitative approach to estimate the levels of certain detected compounds after the suspect
screening in previously analysed samples over a two-year period.

Materials and methods
Chemicals

Ammonium acetate (NHsAc) (LC-MS grade), acetic acid (LC-MS grade), HPLC-grade
solvents (water, acetonitrile, and methanol) were purchased from Fisher Scientific (Hampton,
VA, USA). Analytical standards for BPA (purity >99%), BPF (>98%), BPS (>98%), BPAF
(>99%), bisphenol E (BPE, >98%), bisphenol C (BPC, >99%), bisphenol B (BPB, >99%)),
bisphenol AP (BPAP, >99%), bisphenol BP (BPBP, >98%), pentaerythritol tetrakis (3-(3,5-di-
tert-butyl-4-hydroxyphenyl)propionate) (Irganox 1010, >97%), 2,2’-methylenebis(4-methyl-
6-tert-butylphenol) (Cyanox 2246, >96%) and 3,5-Di-tert-butyl-4-hydroxybenzoic acid (BHT-
COOH, >98%) were purchased from Sigma-Aldrich (St. Louis, Missouri, USA).

4-(4-isopropoxyphenyl)sulfonylphenol (D-8, >95%, CAS number: 95235-30-6), 3,3’-diallyl-
4,4’-dihydroxydiphenylsulfone (TGSA, 2>98%, CAS number: 41481-66-7), 4.4'-
dihydroxydiphenyl sulfone-2,2'-dichlorodiethyl ether copolymer (D-90, copolymer, n=1)



(>99%, CAS number: 191680-83-8) and 2,4-BPS (>96%, CAS number: 5397-34-2) were
obtained from Toronto Research Chemicals (Toronto, Canada).

Stock solutions of the individual bisphenols, D8, D90, 2-4 BPS and TGSA, were prepared in
methanol (100 mgL™"). A monthly mixture of stock solutions containing the nine native
bisphenols, D8, D90 and TGSA was prepared at a concentration of 1 mg L™ in methanol. All
stock solutions were stored in amber glass vials in a freezer (—20 °C) prior to analysis.

Sample collection and storage

Procedures for the collection of breast milk samples from South Africa (Vhembe and Pretoria)
and Canada (Montreal) were the same as for the previous study using a targeted analysis to
identify known bisphenol analogues [18]. In South Africa, mother-infant pairs were recruited
from the maternity wards and vaccine clinics of Tshilidzini Hospital, located in the Vhembe
district of Limpopo Province (a rural area), and of Tshwane Hospital, located in Pretoria,
Gauteng (an urban area). Eligible participants, aged 18 and above, were required to speak either
English or Tshivenda, the primary language spoken in the Vhembe district. Additionally, they
were required to have given birth to or expecting a live singleton and, if recruited from the
maternity ward, able to return one month post-delivery for a brief questionnaire and provision
of a breastmilk sample.

Similarly, participants from Montreal were recruited from the Royal Victoria and St. Mary’s
Hospitals following childbirth. Eligible participants, also aged 18 and above, were proficient
in either French or English and willing to participate in two follow-up sessions. The first
session included an explanation of the manual breast milk collection process along with a
questionnaire, while the second session focused on actual sample collection.

Milk samples were collected between the 4th and 8th week post-delivery from participants in
the three locations (Vhembe, Pretoria, and Montreal) over a 1.5-year period (2018-2019) via
manual expression into polypropylene containers (free of bisphenol A and the 8 analogues
investigated in the previous study) [18]. These samples were then stored in cryovials at —80 °C
until shipment on dry ice to the analytical laboratory. Montreal samples were stored in a —80
°C freezer until they underwent freeze-drying in a lyophilizer (FreeZone Cascade Benchtop
Freeze Dry Systems, Labconco, Kansas City, KA, USA); South African samples were freeze-
dried using a different lyophilizer (Freeze dryer ALPHA 1-2 LD+, Osterode am Harz,
Germany). All samples followed an identical freeze-drying protocol, using a vacuum of 0.09
Torrs at —80 °C for 3 days. Freeze-dried sample aliquots were stored in amber glass vials at
—80 °C until analysis. A total of 594 human milk samples from different mothers were analysed
for the screening of bisphenol-related compounds (n=194 from Vhembe, n=193 from
Pretoria and n =207 from Montreal).

Ethics approval and consent to participate

This study was approved by the ethics committees of McGill University, the Research Institute
of the McGill University Health Centre, the University of Pretoria, and the Limpopo
Department of Health and Social Services (REB #A06-M19-17B and MP-37-2018-3730). All
methods were performed in accordance with the relevant guidelines and regulations, and
informed consent was obtained from all participants.



Sample preparation

Sample preparation was previously optimized and conducted for the quantification of different
major bisphenol analogues in human milk [18]. Briefly, for the extraction process,
approximately 0.2 g of freeze-dried milk powder was mixed with 2 mL of HPLC-grade water.
This mixture was spiked with 30 pg/L of a bisphenol labelled mixture. Subsequently, 1 mL of
a 1 M ammonium acetate buffer solution and 10 mL acetonitrile was added, and the milk
sample underwent ultrasonication for 10 minutes. Following sonication, 1 g of MgSO4 and 2 g
of NaCl were added to the milk, the mixture was vortexed and then centrifuged at 4000 RCF
for 10 minutes. The resulting supernatant was transferred to a 15 mL polypropylene tube
containing 0.2 g PSA, 0.1 g C18 sorbent, and 0.25 g MgSO4. The sample was vigorously
shaken for 45 seconds and then centrifuged at 3000 RCF for 10 minutes. After centrifugation,
the supernatant was moved to a glass tube and evaporated under a nitrogen stream until dryness.
The residue was reconstituted in a 1:1 ratio of acetonitrile and water before analysis using LC-
Q-TOF-MS.

Instrumental analysis

The data investigated in the present study were recorded for all 594 samples using LC-Q-TOF-
MS, as described previously [18]. These analyses were conducted in full scan (MS) mode with
an Agilent 1290 Infinity II LC system (Agilent Technologies, Santa Clara, USA) coupled to a
6545-quadrupole time-of-flight (Q-TOF) MS (Agilent Technologies, Santa Clara, USA). The
LC separation was conducted on a Poroshell 120 phenyl-hexyl column (Agilent Technologies;
100 mm x 3.0 mm, particle size 2.7 um) connected to a Poroshell 120 phenyl-hexyl guard
column (Agilent Technologies; 5 mm x 3.0 mm, particle size 2.7 um) with gradient elution at
a flow rate of 0.2 mL/min. Elution was performed in gradient mode using A = water and B =
methanol; both contained 5 mM ammonium acetate 5%; B (0—1 min), with a linear increase to
100% B (1-15min), 100% B (15-20 min), restored to 5% B for 5 min (20-25 min). The
injection volume was 20 pL and the column temperature was maintained at 30 °C. The 6545
Q-TOF-MS system was operated in negative (ESI-) electrospray ionization mode for the
detection of bisphenol-related contaminants. The flow rate of the drying gas (nitrogen, 325 °C)
was set at 5 L min~!. Full scan mode with fragmentor energies of 125 V was used to collect the
data in both centroid and profile modes in the mass-to-charge ratio (m/z) ranging from 50 to
1700.

For the selected candidates, their MS/MS data were obtained using a targeted MS/MS method
at collision energies set at 10, 20, 35, and 40 V. In this mode, each candidate precursor ion was
selectively isolated in a narrow m/z window and fragmented to generate MS/MS spectra for
structural elucidation. The spectral parameters were configured with a mass range of m/z 50—
1700, an acquisition rate of 5 spectra per second, a charge state (Z) of 1, and a retention time
window of +0.2 minutes. The mass window to isolate precursor ions for fragmentation
(Isolation Width) was set as narrow at approximately 1.3 m/z.

Quality assurance/Quality control

For sample collection and analysis, care was taken to avoid sample contact with materials
known to contain bisphenols and plasticizers. These measures included the testing of the
polypropylene and glass tubes for any bisphenol residue. Additionally, aluminium films were
set up on each workbench and in every fume hood to mitigate any risk of contamination during
the sample preparation.



Quality assurance for the suspect screening included controlling background contamination,
monitoring mass accuracy, intensity and retention time (RT) shifts, and signal drift. To ensure
signal stability during the analysis, retention time and mass accuracy of all 9 selected spiked
bisphenols in the calibration standards were monitored through repeated analysis; in addition,
6 quality control samples of human milk were spiked with all 9 bisphenols at 30 ng/mL (BPA,
BPF, BPS, BPAF, BPC, BPE, BPB, BPBP and BPAP). Three procedural blanks were analysed
with each batch (n=60 procedural blanks in total) to identify any possible analyte
contamination. During sample analysis, an acetonitrile solvent blank was injected after every
10 samples to minimize possible carryover effects from the instrument.

LC-Q-TOF-MS data treatment and tentative bisphenol-related compound identifications
(suspect screening)

To identify bisphenol-related features using suspect screening, a personalized library was
constructed using Agilent PCDL Manager (B08.00). This library incorporated the bisphenols
listed in Health Canada’s consultation document [19], along with 18 additional compounds,
and included their corresponding exact masses based on their chemical formulae. The 18
different UV filters, synthetic antioxidants and nonionic sufactants were added to the list
because they were previously reported or mentioned in other relevant literature and shared
similar structural or functional properties to bisphenol-related compounds (Table S1) [19,
44,45,46,47]. In total, a list of 222 compounds was used for the suspect screening of human
milk samples from Montreal and South Africa. This manuscript was prepared using the Non-
Targeted Analysis Study Reporting Tool (NTA-SRT) as a best practice in the field, and is
provided as a completed separate document titled “NTA_SRT V4~ [48].

Peak alignment and molecular feature extraction were then conducted using Agilent
MassHunter Profinder (B.10.00) using collected data of all 594 samples. The data files were
analysed in batches, with each batch consisting of different sets of blanks, non-spiked samples,
and spiked samples containing all 9 bisphenol analogues in the previous study [18]. The
purpose of this analysis was twofold: (i) to successfully identify all 9 bisphenols in each spiked
sample in the analysed batch with an acceptable matching score of >90%, and (ii) to identify
the conditions that yield the maximum number of features, specifically bisphenol-related
unknowns, from the customized library.

In order to select the most suitable data processing parameters, Profinder software for suspect
screening was optimized and validated by determining its ability to detect and identify
unknown bisphenol replacements present at trace levels in human milk. The primary objective
was to challenge the data treatment by blindly detecting the nine previously spiked bisphenols
at levels of 30 ng/mL in the quality control (QC) samples [18]. Multiple batches were tested
using different parameters to assess the accuracy of Profinder in detecting all nine bisphenols
in the QCs. For each parameter, one value was changed at a time while keeping the remaining
parameters at their default settings. The following three parameter values were evaluated: peak
filter height (300 and 1000 counts), mass window (£5 and +10.00 ppm) and post-processing
peak absolute height (>300 and >1000 counts). The number of extracted features and the
accurate detection of bisphenols were then compared for different sets of data processing
conditions. During the preliminary test, all parameter sets successfully detected all nine spiked
bisphenols, with a matching score in Profinder exceeding 90% in every tested batch, and
revealed a significant number of features. Substantial differences in the scores were not
observed among the custom parameters; the parameters with less stringent values were selected



for the suspect screening of both Montreal and South African human milk samples to maximize
the number of features, as presented in Table S2.

For data treatment, all samples were processed using the “Targeted Feature Extraction” mode,
which extracts all features in the samples and matches their accurate mass with the exact masses
from the customized library database. Features that exhibited a high matching score (>90%)
and satisfactory average height (>3000) were considered potential candidates for unknown
bisphenol-related compounds. In cases where features were also found in the blank samples,
the average intensity in the blanks (triplicate) was added to three times the standard deviation
of the blank signals [49]. This combined value was then compared to the intensity of the
corresponding feature observed in the samples. If the intensity of the feature in the samples
exceeded that of the blanks, it was considered a potential candidate in the analysed human milk
samples. The MS/MS spectra of each potential candidate was then obtained using a targeted
MS/MS method.

Application of SIRIUS after targeted MS/MS of the suspects

Following the acquisition of their MS/MS spectra, SIRIUS software (version 5) was utilized to
generate structural representations of all selected candidates based on their fragmentation
patterns [50]. This strategy proved to be valuable for acquiring additional information about
the identity of each candidate before purchasing the corresponding analytical standard.
SIRIUS-CSI-FingerID uses fragmented parts of the suspected compounds and provides a list
of possible parent compounds, offering an overall accuracy score. Features were deemed as
bisphenol suspects if their elemental formula matched 100% and their candidate matching
score exceeded 70% when compared to compound databases such as PubChem, KEGG and
CheBI.

Pure analytical standards were then purchased to validate these potential bisphenol candidates.
For compound identification, a tolerance of +0.1 min was allowed for the relative retention
time between the suspects in the milk samples and their corresponding analytical standards.
The MS/MS spectra of pure analytical standards and the tentative contaminants were further
compared with each other. The identity of a tentative compound was confirmed if at least one
fragment ion was present in both the standard and the compound, within a mass error of 5 ppm
in accordance with the European Commission guideline SANTE/11312/2021 [51].

Semi-quantification of three identified bisphenol-related compounds with similar
structures to BPS

For bisphenol S-related compounds, including D8, D90, and TGSA, a retrospective semi-
quantitative approach was employed to estimate their concentrations in the samples due to the
unavailability of their corresponding analytical standards during the initial analysis [18]. A
recovery test for DS, TGSA, and D90 was performed by calculating their relative response
factor (RRF) against isotope-labelled BPS (!3C12-BPS) using a matrix-matched calibration
curve. These RRFs were then applied to semi-quantify the levels of D8, TGSA, and D90 across
all 594 samples.

The chromatogram extraction window was established at = 10 ppm for mass and + 0.1 min for
retention time (RT). A comparison was made between the relative intensities of qualifier ions
(% of base peak) of these compounds in both pure solvent and milk samples to assess any
variations (Table S4). The recovery test for D8, D90 and TGSA was done using a pool of n =40



individual human milk samples by spiking isotope-labelled BPS. BPS was selected due to its
structural similarity compared to D8, D90 and TGSA. The semi-quantitative recovery test used
the internal standard method which can correct for the matrix effect [52]. The matrix effect
(ME%) for all 3 bisphenol-related compounds was calculated using the equation below and is
shown in Table S5:

. veak area of analyte in matrix
ME% = (2 f analyte ¢ % 100
peak area of analyte in solvent

The relative standard deviation (RSD) was calculated based on the analysis of 3 replicates using
the pool of human milk samples. An RSD lower than 15% was judged acceptable [53]. The
spiking level was evaluated at 30 ng/mL which was the same spiking level used for the 4 major
bisphenols (BPA, BPF, BPAF and BPS) in our previous study[18].

To validate the performance of the instruments for the target compounds, 10 calibration points
(0.5 to 100 ug L™! of the target analytes, 30 pg L™! for the *C12-BPS) were selected for the
normal range of D8, D90 and TGSA in human milk. The linearity of the instrument response
(R?>0.98) for all bisphenol-related compounds was assessed using their RRF in spiked human
milk (Table S5), calculated using the equation provided below.

RRF =
( (peak area of native compound)/(peak area of isotope — labelled internal standard)
(

concentration of of native compound)/(concentration of isotope — labelled internal standard)

The method detection limit (MDL) was calculated as three times the standard deviation of
procedural blanks [54]. If the analyte was absent in all procedure blanks, the MDL was
determined as the lowest concentration of the target analyte in breast milk extracts that yielded
a signal-to-noise ratio above three. The limit of quantification (LOQ) was determined by
multiplying the standard deviation of the lowest detectable concentrations of the compounds
in procedural blanks (if any) or milk samples by 10 [55].

Subsequent to the initial analysis, a re-extraction was performed to assess method precision. A
set of previously analysed milk samples (n=17) was used to compare the concentrations
obtained from the initial extraction with those from a second extraction (Table S6). This
included an assessment of D8, D90, TGSA as well as BPS and BPA levels in 14 selected
samples, and the BPA levels in the 1% and 2™ extractions of 3 samples from the previous study
[18].

A paired sample t-test was conducted to determine significant differences (p-value < 0.05) for
detected levels of each compound between the 1st and 2nd extraction (Table S7). The data for
the first extraction were plotted against the second extraction and a linear regression curve was
generated. 95% confidence intervals and prediction intervals were calculated to assess method
precision by evaluating points within the prediction intervals.



Results and discussion
Selection of features relating to tentative bisphenol-related compounds

The settings selected for Profinder (Table S2) yielded the highest number of bisphenol-related
features. A total of over 150 features were observed across every batch of human milk samples.
From this extensive list, features with a matching score above 90% were chosen as potential
candidates. The selection of this threshold was based on the scores obtained using Profinder
for the 9 spiked bisphenols, which consistently exceeded 90% in all analysed batches. The
matching score reflects the probability that a feature is correctly identified as the compound of
interest, with a score of 100% indicating absolute certainty [56]. The potential suspects, along
with the regions where they were detected, were compiled and are presented in Table S3:
overall, 42 tentative compounds at confidence level 3 using the Schymanski scale were selected
for further analysis regarding their potential chemical structures [57].

Among the candidates, a significant proportion of the listed suspects are plastic-related
contaminants that are commonly employed as colour additives, UV filters and absorbers or
synthetic antioxidants [21]. Similar to BPA, these compounds have been used in various
products, including those related to commercial food and other industrial applications [45, 58],
and can enter the human body through diet as the primary source of exposure [45, 59, 60].
Interestingly, some of these candidates have only rarely been reported or have not previously
been detected in human milk. However, it is important to note that the actual identity of these
suspects may differ from their suggested identity. Only compounds that were identified and
confirmed using analytical standards are discussed further in the following section.

Identification of detected bisphenol-related compounds using SIRIUS and pure analytical
standards

The identities of the above 42 suspects were further assessed by obtaining their MS/MS spectra.
Initially, the MS/MS spectra were first compared with the ones found in online databases, if
available. To further validate the identity of the suspects, structural predictions were conducted
in silico using SIRIUS. Reference standards were subsequently obtained to confirm the
tentative bisphenol-related compounds with a candidate matching score in SIRIUS higher than
70% [50].

In total, the identities and structures of four bisphenol replacements, four UV-related absorbers,
two synthetic antioxidants, and one metabolite of the synthetic antioxidant butylated
hydroxytoluene (BHT) were confirmed using pure analytical standards (Table 1: Figs. S1-11).

D-8, D-90, TGSA and 2,4-BPS are used as BPA replacements (Table 1); studies have indicated
they are extensively employed as BPA alternatives in the production of thermal papers and are
utilized as colour developers in thermal labels for food packaging [21, 61,62,63,64,65]. One
study has reported the presence of these compounds in human milk samples collected in China
[20]. Government agencies, including the EPA, have classified these compounds as chemicals
of concern, warranting further monitoring to better comprehend their impact on human health
[66]. Limited data are available regarding human exposure to these chemicals [20, 67].



Table 1 List of 11 compounds in human milk identified using pure analytical standards.

Feature
((M-H] ,
m/z)

291.0691

569.0940

329.0848

249.0224
213.0552

245.0450
227.0708
213.0552

1175.780

339.2324

249.1490

Formula

CisH16045

Ci12H10045[C16H16055]n

n—1

CigHhs045

C2H00,45
CiaH 005

C'l: Hlo 05
CiaH1205
CiaH100:

CaH 108042

CisH20,

Human milk

(Vhembe,
Pretoria or

Montreal)
All

All

All

Montreal
All

Montreal
Montreal
All

All

South Africa

All

*NR Not reported in other human milk studies.

% detection
in human

milk samples

Vhembe: 17
Pretoria: 4
Montreal: 2
Vhembe: 7
Pretoria: 4
Montreal: 2
Vhembe: 4
Pretoria: 3
Montreal: 1
<1
Vhembe: 6
Pretoria: 8
Montreal: 7
3

1

Vhembe: 6
Pretoria: 9
Montreal: 7
Vhembe: 20
Pretoria: 31
Montreal: 41
Vhembe: 1
Pretoria: <1
Vhembe: 26

Pretoria: 45
Montreal: 11

Confirmed Identity

D-8 (4-hydroxyphenyl
4-isopropoxyphenyl sulfone)

D-90 (Phenol, 4,4"sulfonylbis-,
polymer with 1,1"-oxybis[2-
chloroethane])

TGSA (4,4"-sulfonylbis(2-
allylphenol))

24- BPS
Benzophenone-1

Benzophenone-2
Benzophenone-3
4,4'-Dihydroxybenzophenone

Irganox 1010 (Pentaerythritol
tetrakis(3-(3,5-di-tert-butyl-4-
hydroxyphenyl)propionate)

Cyanox 2246 (Antioxidant 2246)
2,2-Methylenebis(4-methyl-6-
tert-butylphenol)

BHT-COOH

(3,5-di-tert-butyl-4-
hydroxybenzoic acid)

10

5397-34-2
131-56-6

131-55-5
131-57-7
611-994

6683-19-8

119471

1421-49-4

China [20]

China [20]

China [20]
Spain [68]

Spain [68]
Spain [71]
Spain [68]

NR*

China [45]

NR*



The presence of UV absorbers, including benzophenones 1, 2 and 3, as well as 4,4’-
dihydroxybenzophenone, was also reported in a few studies of human milk collected in Spain
[68,69,70,71]. Specifically, one study reported mean detected levels of 0.7ng/mL for
benzophenone 1 and 1 ng/mL for benzophenone 2 [69], while another study found levels of
benzophenone 1 levels ranging from <LOD to 0.33 ng/mL and benzophenone 3 levels ranging
from <LOD to 8.20 ng/mL [71]. Additionally, a third study identified benzophenone 3 ranging
from <LOQ to 799.9 ng/g milk and 4,4’-dihydroxybenzophenone ranging from 19.9 to
433 ng/g milk [70]. Benzophenones are frequently found in personal care product
formulations, including shampoos, toothpastes, body washes, lotions and sunscreens [72].
Beyond personal care products, benzophenones and their derivatives are also used as additives
in plastic food-related packaging to prevent degradation of the food from exposure to sunlight
and UV radiation and to increase the shelf life [73]. These chemicals can migrate from plastic
materials into food, consequently leading to human exposure, and can be transferred to human
milk [68, 74, 75]. There is evidence that benzophenones may act as endocrine disruptors and
lead to reproductive and developmental effects [76,77,78].

Irganox 1010 is a synthetic antioxidant used as an additive in many plastic packaging materials.
Its usage in food-related packaging can lead to its migration into food products and entry into
the human body [79]. Similar to Irganox 1076, which was previously detected in brown bread,
Irganox 1010 has been used in low-density polypropylene products such as food packaging
where it can migrate into food [80,81,82]. Information on the possible health impact of
exposure to Irganox 1010 is very limited [21]. Cyanox 2246 (Antioxidant 2246) is also an
antioxidant that is used in polypropylene food packaging [82, 83]. To date, there is little
information about its usage or its potential toxicity concerning human health. To the best of
our knowledge, only one other study on human milk in China has reported the presence of
Cyanox 2246 [45].

A metabolite of BHT, 3,5-di-tert-butyl-4-hydroxybenzoic acid (BHT-COOH), was also
detected in our human milk samples. BHT-COOH was previously detected in human urine,
and has been considered as a potential urinary biomarker of exposure to BHT [44]. One
previous study on human milk in China reported the presence of other BHT metabolites, such
as 2,6-di-tert-butyl-4-(hydroxymethyl)phenol (BHT-OH), 3,5-di-tert-butyl-4-
hydroxybenzaldehyde (BHT-CHO), 2,6-di-tert-butyl-p-benzoquinone (BHT-Q) and 2,6-di-
tert-butyl-4-hydroxy-4-methyl-2,5-cyclohexadienone (BHT-quinol) [45]. The presence of
BHT-COOH, along with the other metabolites discussed above, in human milk strongly
suggests the need for further investigations regarding their potential health effects on both the
mother and breastfeeding infant.

This study is the first to investigate bisphenol-related unknowns in human milk. Our findings
emphasize the importance of employing novel approaches for the detection of underreported
or unknown contaminants in human milk; these compounds would likely not be detected by
relying on the traditional targeted approach. It is possible that there are additional bisphenol-
related unknowns among the remaining tentative compounds (Table S3). However,
confirmation of their actual identities was not pursued in the present study due to their low
signal intensity, poor MS/MS spectra scores when imported into SIRIUS, or the difficulty of
obtaining their corresponding standard. Future investigations will explore these substances.
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Semi-quantification and estimated levels of D8, D90 and TGSA detected in Montreal and
South African human milk

One of the current challenges of suspect screening or NTA lies in the retrospective semi-
quantification of the newly identified compounds in data files without reanalysis. In our
previous study, data were collected using LC-HRMS for 594 human milk samples during the
simultaneous targeted analysis of BPA, BPF, BPS and BPAF in 20 separate sample batches
over 2 years [18]. Since datasets acquired in different batches can be affected by instrument
variability over time, we explored the possibility of revisiting these datasets to semi-quantify
newly identified bisphenol-related unknowns, namely D8, D90 and TGSA, which share similar
chemical properties with BPS [84].

To account for any variability in the datasets collected across all of the batches, and to obtain
a more precise estimation of the levels of the three compounds (D8, D90 and TGSA),
retrospective semi-quantification was first attempted in the present study by calculating their
concentrations using their specific relative response versus '*C12-BPS initially spiked in each
of the milk samples that were analysed (Figs. S12, 13, Tables S4-S8). The validity of this semi-
quantification approach is supported by the minimal variations in analytical performance [18,
85] and, most importantly, by the stability of the RRFs obtained for BPA, BPF, BPS and BPAF
in human milk from the previous study across all analysed batches (RSD < 15%; Fig. S12) over
the course of two years.

Since the RRF for BPS showed limited variability (RSD < 8.89%), it was hypothesized that the
RRFs for D8, D90 and TGSA obtained using the matrix-matched calibration would also display
similar stability across the analysed batches. Consequently, the RRFs from the matrix-matched
calibration for D8, D90 and TGSA were employed to calculate the recoveries of these three
compounds and were compared to the values of BPS obtained from the previous study [18], as
shown in Table S4. The measured m/z values for all three compounds showed variations below
3 ppm compared to theoretical values (Table S8), with no major differences observed between
the values in milk and solvent standard (Table S4). The recoveries for D8, D90, and TGSA fell
within the range of 80-110% with a relative standard deviation (RSD%) lower than 10%
(Table S5). These values are considered acceptable compared to the recommended range of
70-120% and RSD of 15% [86]. The method detection limits (MDL) for D8, D90 and TGSA
were determined to be 0.0014ng/mL, 0.0067 ng/mL and 0.0041 ng/mL, respectively
(Table S5). Examples for the extracted signals of D8, D90 and TGSA close to their detection
limits is shown in Fig. S14. The limits of quantification (LOQ) were established as 0.005, 0.024
and 0.014 ng/mL, respectively (Table S5).

Concentrations of D8, D90, TGSA, BPS and BPA for the 1st and 2nd extraction are shown in
Table S6 and were log-scaled for further analysis. Differences were observed in the detected
levels between the 1st and 2nd extractions across certain samples. These differences may be
influenced by the sample preparation, which can have a serious effect on the quantification
accuracy [43].

After excluding the non-detects in either extraction, a paired sample t-test was conducted
between data collected for the 1st and 2nd extractions (Table S7). P-values for all of the
compounds (D8, D90, TGSA, BPS and BPA) were higher than 0.05, indicating no significant
difference in the detected levels of these compounds between the 1st and 2nd extractions. The
variations in concentrations for BPS, D8, D90, TGSA and BPA between the initial and
subsequent extractions are also illustrated in a linear regression curve, as shown in Fig. S13.
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All but one of the points fall within the prediction intervals suggesting that detected levels for
future extractions would also fall within a similar range to the detected levels for the 1st and
2nd extractions. This observation further emphasizes that the extraction method was
sufficiently precise for the semi-quantification of the BPS-related unknowns D8, D90 and
TGSA.

In the present study, we aimed to enhance the precision of our semi-quantification by using
isotope-labelled internal standards for our selected compounds. Unlike many other suspect
screening or non-targeted studies, we also explored retrospective semi-quantification using a
set of challenging criteria (Table 2); this method is often overlooked and involves revisiting
previously collected data. This approach can help mitigate inaccuracies that may arise during
the semi-quantification process. To the best of our knowledge, only one previous non-targeted
study was done to investigate the use of retrospective semi-quantification of different
metabolites in green tea samples [87]. This highlights the need to develop more robust semi-
quantitative methods that can reduce potential inaccuracies and contribute new data for risk
assessments and the investigation of temporal trends [43].

The estimated MDL values (method detection limits) for D8, D90 and TGSA in our study
(Table 3) were higher than the reported LOD (limit of detection) values in the only previous
targeted study on human milk from China [20] that identified these compounds. It is possible
that this difference may arise from the variation in instrumental analysis since liquid
chromatography coupled to a triple quadrupole, used in their study, is known for its relatively
higher sensitivity and lower detection limits compared to LC-Q-TOF-MS/MS [88]. Based on
the overall performance of the method used here, detected concentrations of D8, D90 and
TGSA were calculated using the semi-quantification approach for each geographic region
(Table 3). In Vhembe, estimated concentrations for the levels of D8, D90 and TGSA ranged
from <MDL to 0.60 ng/mL, <MDL to 1.68 ng/mL and <MDL to 0.72 ng/mL, with detection
frequencies of 17%, 7% and 3%, respectively. Levels in Pretoria ranged from <MDL to
0.15 ng/mL for D8, <MDL to 0.66 ng/mL for D90, and <MDL to 0.41 ng/mL for TGSA, with
detection frequencies of 4% for both D8 and D90 and 3% for TGSA. For Montreal, the
estimated concentrations for D8, D90 and TGSA ranged from <MDL to 1.24 ng/mL, <MDL
to 1.98 ng/mL and < MDL to 0.19 ng/mL, respectively, with detection frequencies lower than
Vhembe and Pretoria: 2% for both D8 and D90 and 1% for TGSA. The median values for D§
in all three regions fell below the limit of quantification (LOQ) in this study and were
comparable to reported levels of D8, D90 and TGSA in China, where the median for D8 was
0.00256 ng/mL, while D90 and TGSA fell below the limit of detection.

The findings of the present study provide evidence that lesser-known BPS derivatives,
commonly employed as colour developers in thermal labels for food packaging, are detected
in human milk from Canada (Montreal) and South Africa (Vhembe and Pretoria). In 2023, the
European Food Safety Authority (ESFA) concluded that the tolerable daily intake (TDI) value
for BPA should be lowered to 0.2 ng/kg of bw/day [89]. To the best of our knowledge, tolerable
daily intakes have not been established for other bisphenols [90]. While the levels of BPS and
its derivatives in human milk have generally been reported to be lower than those for BPA in
studies from different countries, such as France, Spain, and China, their possible health
implications deserve consideration [32, 33, 36, 91].
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Table 2 Criteria assessed for implementation of the retrospective semi-quantification of bisphenol-related compounds newly discovered in human milk
using suspect screening.

Assessment of past batches A posteriori validation of the method performance for the new
compounds

* Quality assurance: method fully validated for the targeted analysis of = Quality assurance: full method validation for the newly discovered
9 bisphenol compounds [18] bisphenol-related compounds

= Stable isotope-labelled internal standards spiked in all the samples. = Determination of the relative response factor (RRF) using one of the
Assessment of relative response factor (RRF) for the targeted structurally similarly internal standards initially spiked in all samples
bisphenols across batches over the course of two years (low relative = Assessment of the maximum mass measurement errors and retention
standard deviation) time shifts across the past batches. Visual inspection of peak shapes

= Quality control: procedural blanks (n 2 3) and QC sample (spiking with = Re-analysis of selected samples across the past batches. Comparison
targeted bisphenols) with every batch. of the semi-quantification and re-analysis results

= Assessment of the signal-to-noise ratios and/or method detection
limits across the batches

Table 3 Semi-quantified levels of D8, D90 and TGSA in human milk from South Africa, Canada and China.

Study Country Sampling Instrument MDL and Compound Frequency of Median  Range
year (Method) LOD (ng/ detection (DF) (ng/mL)
mL) %
This South Africa 2018-2019 HPLC-Q-TOF- 0.0014* D8 17 <L0Q <MDL-0.60
:“_'drm (Vhembe) MS/MS 0.0067* D90 7 <10Q <MDL-1.68
0.0041° TGSA 3 <L0Q <MDL-0.72
This South Africa 2018-2019 HPLC-Q-TOF- 0.0014° D8 4 <L0Q <MDL-0.15
iy (Pretoria) MS/MS 0.0067°* D90 4 <10Q <MDL-0.66
0.0041* TGSA 3 <L0Q <MDL-0.41
This Canada 2018-2019 HPLC-Q-TOF- 0.0014° D8 2 <L0Q <MDL-1.24
?’-_“2’07 (Montreal) MS/MS 0.0067° D90 2 <10Q <MDL-1.98
0.0041° TGSA 1 <L0Q <MDL-0.19
Luo China 2017-2018 HPLC-triple- 0.0004" D8 100 000256  0.00050-
et al. [20] quad-MS/MS 0.0581
n=60 0.004" D90 16.7 <LOD <LOD-
0378
0.0004" TGSA 26.7 <LOD <LOD-
0.0166

LOQ Limit of quantification.
MDL Method detection limit.
BLOD Limit of detection.
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Research implications

The environmental chemicals to which mothers are exposed through diet, personal care
products, household products, pharmaceuticals, and their work environment can be transferred
to their milk during lactation [92]. Early life exposure to these contaminants can have health
implications, as infancy represents a critical window of susceptibility to their toxic effects [93].
It is crucial for researchers to explore a greater portion of the chemical exposome by detecting
and identifying compounds that are beyond those that are commonly reported across different
countries [7]. The present study demonstrates the utility of employing suspect screening for the
exclusive investigation of bisphenol-related compounds in human milk (Fig. 1).
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Fig. 1: Compounds identified in human milk from Canada and South Africa.

Out of the 11 phenolic contaminants identified using non-targeted analysis, three compounds (DS,
TGSA and D90) were semi-quantified.

In addition to these compounds that are structurally similar to bisphenol A, it is important to
recognize that other chemicals of concern may also be present in human milk, highlighting the
need to broaden the scope for future non-targeted studies to detect a wider range of
contaminants from multiple chemical families.
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