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The plastic accumulation and its degradation into microplastics is an environmental issue not only for their
ubiquity, but also for the release of intrinsic chemicals, such as phthalates (PAEs), non-phthalate plasticizers
(NPPs), and bisphenols (BPs), which may reach body organs and tissues, and act as endocrine disruptors.
Monitoring plastic additives in biological matrices, such as blood, may help in deriving relationships between
human exposure and health outcomes. In this work, the profile of PAEs, NPPs and BPs was determined in Sicilian
women’s blood with different ages (20-60 years) and interpreted by chemometrics. PAEs (DiBP and DEPH), NPPs
(DEHT and DEHA), BPA and BPS were at higher frequencies and greater levels in women’s blood and varied in
relation to age. According to statistical analysis, younger females’ blood had higher contents of plasticizers than

older women, probably due to a more frequent use of higher quantities of plastic products in daily life.

1. Introduction

As a matter of fact, plastic-based waste is one of the biggest issues
worldwide (Danzl et al., 2009; Aliko et al., 2022; Schmidt et al., 2017),
and, accordingly, microplastics (MPs) with sizes varying between 1 and
5 mm, derived from the accidental degradation and fragmentation
processes of plastic materials over time (Zhang et al., 2021), represent a
major environmental threat in practically all ecosystems (Silva et al.,
2018; Shahul Hamid et al., 2018; Alimba et al., 2021; Pastorino et al.,
2023).

Humans may be exposed to MPs not only through the ingestion of

contaminated food and water (EFSA Authority, 2016), but also by
inhalation (both indoor and outdoor air), and direct dermal contact with
personal care products, textiles, or indoor dust (Prata et al., 2020; Revel
et al., 2018). The exposure may lead to their accumulation into tissues
and organs and, eventually, to diverse health adverse effects, such as
inflammation, cytotoxicity, and oxidative stress (Proki¢ et al., 2021;
Philips et al., 2020; Jiang et al., 2020). Furthermore, MPs may release
components of the matrix itself, such as chemicals added to the plastic
during its manufacturing process, which have already demonstrated the
ability to interfere with endogenous hormones (Cole et al., 2011).
Among the chemical additives, phthalates (PAEs) are used as
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plasticizers for giving flexibility and duration in a variety of polyvinyl
chloride (PVC) based products, like toys, childcare and body care
products, food packaging, construction products and medicine equip-
ment. They are classified into low-weight molecules, for example
dimethyl phthalate (DMP), di-ethyl phthalate (DEP), di-butyl phthalate
(DBP), and di-iso-butyl phthalate (DiBP), and into high weight mole-
cules, including bis(2-ethylhexyl) phthalate (DEHP), and diisononyl
phthalate (DiNP) (Beltifa et al., 2017). PAEs are notoriously identified as
endocrine disruptors which, by interfering with cellular receptors
deputed to the binding of steroid hormones, alter the proper functioning
of the reproductive system (European Chemical Agency, 2018). Indeed,
DBP has already demonstrated to have a relevant estrogenic activity,
due to the ability to bind to estrogenic receptors (Chebbi et al., 2022;
Beltifa et al., 2018a). A recent review of Green et al. (2021) reported that
DEHP and its metabolites were associated with decreased antral follicle
counts, lower oocyte production, lower pregnancy, and live birth rates,
decreased serum follicle-stimulating hormone (FSH) and increased
hormone-binding globulin (SHBG).

To accommodate the growing health issues, and the increased pro-
duction of plastic products, non-phthalate plasticizers (NPPs), such as
adipates, sebacates, and terephthalates, have been introduced and
widely used in the production of PVC, food films, lubricants, and cos-
metics, thanks to the fact that they have fewer migration rates and, to
date, no use restrictions (Jebara et al., 2021). NPPs lack standard toxic
effects such as carcinogenicity, mutagenicity and reproductive toxicity,
but the link between these chemicals and other non-standard effects,
such as early developmental toxicity or endocrine disruption, has not yet
been tested, and based on the huge production volumes of such chem-
icals, it should be addressed at the earliest (Bui et al., 2016).

Bisphenols (BPs) are another relevant group of plastic additives used
in polycarbonate (PC) products and present in the market for more than
50 years (Rios-Fuster et al., 2022), of which bisphenol A (BPA) has been
mainly employed to produce plastics for various purposes, such as bot-
tles, plastic tableware (plates and cups) and food containers. BPA is also
used to make epoxy resins used in films and coatings of various food and
beverage products. BPA is a typical endocrine-disrupting chemical, and
it has been associated with many human diseases, such as diabetes,
obesity, cardiovascular, chronic respiratory and kidney diseases, breast
cancer, behavioural and reproductive disorders in both female and male
individuals (Edaes and de Souza, 2022). As a result, one of the major
issues is the safe replacement of this chemical with safer alternatives,
such as BP analogues. Bisphenol S (BPS) and bisphenol F (BPF) are
nowadays the most used BPA substitutes, predominantly in the
manufacturing of epoxy resins and PC plastics. However, BPA-like ef-
fects can be hypothesized also for such BPs because of their very similar
chemical structure (Eladak et al., 2015; Macczak et al., 2017).

A literature review pointed out that PAEs, NPPs and BPs are readily
distributed and accumulated in many marine matrices, including
seawater, algae, sediments, and fish (Avellan et al., 2022; Balbi et al.,
2016; Sambolino et al., 2022; Gugliandolo et al., 2020; Jebara et al.,
2021; Alimba, Faggio, 2019; Burgos-Aceves et al., 2021; Savoca et al.,
2019; Strungaru et al., 2019; Gholamhosseini et al., 2023), as well as
pharmaceuticals, cosmetics and medical products (Gao and Kannan,
2020; Beltifa et al., 2021), and, not least, in bottled waters (Amiridou
and Voutsa, 2011) and many foods (Di Bella et al., 2018; Edwards et al.,
2022; Dugo et al., 2011; Lo Turco et al., 2015; Lo Turco et al., 2020;
Beltifa et al., 2017; Beltifa et al., 2018b; Saitta et al., 2017; Di Bella et al.,
2021; Di Bella et al., 2014; Beltifa et al., 2018a), thus, confirming the
detrimental presence of plastics, with its MPs, in the total environment.

Over the past two decades, there has been an increase in studies on
the detection and quantification of plastic additives in biological
matrices, such as urine (He et al., 2009; Koch et al., 2007; Jala et al.,
2022), breast milk (Iribarne-Duran et al., 2022; Main et al., 2006), hair
(He et al., 2018), cord blood (Sunman et al., 2019) and, not least, blood
(Colon et al., 2000; Lee et al., 2008), as they be considered as valid
exposure biomarkers for health-related environmental monitoring of
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vulnerable population groups (Hogberg et al., 2008; Katsikantami et al.,
2016). Such biological matrices have in-depth investigated and differ-
entially indicated for the study of short- or long-term exposure of
humans to such contaminants. Also, potential links between plasticizers
and human toxicity have also been highlighted, thanks to their useful-
ness in monitoring studies (Katsikantami et al., 2016).

Being considered as a matrix that carries most valuable information
about short-term exposure due to its contact with all body cells and
tissues (Owczarek et al., 2018), human blood, in particular, has already
been in-depth studied for the presence of xenobiotic compounds (Bis-
singer et al., 2013; Eberhard et al., 2010; Briglia et al., 2015), including
environmental contaminants, such as perfluoroalkyl substances (Hans-
sen et al., 2013; Jin et al., 2016), polycyclic aromatic hydrocarbons
(Rengarajan et al., 2015) and heavy metals (Al-Saleh et al., 2011; Gil
et al., 2011).

Moreover, the presence of diverse endocrine disruptors in blood has
been already established, especially with reference to PAEs or BPs
(Owczarek et al., 2018; Wan et al., 2013; Genuis et al., 2012; Latini
et al., 2003; Lee et al., 2008; Colén et al., 2000; Yang et al., 2009;
Cobellis et al., 2009). With a particular focus on females, the presence of
blood PAEs was evaluated in relation to the pregnancy status and the
potential transfer in fetal blood (Latini et al., 2003; Lee et al., 2008), as
well in young girls with premature thelarche (Colon et al., 2000), and in
patients with breast cancer (Yang et al., 2009) or endometriosis
(Cobellis et al., 2009). However, a careful literature review pointed out
that the comprehensive monitoring of endocrine disruptors, such as
PAEs, NPPs and BPs, in female blood has not yet been performed and the
relation between the content of such xenobiotics and the female’s age
has not yet been evaluated. In fact, certain age ranges correspond to the
phases of female’s reproductive life, entailing considerable changes in
the physiological, anatomical, and biochemical attributes of body,
which may have implications for a different exposure and susceptibility
to environmental pollutants.

Within this background, aim of the study was to study PAEs, NPPs
and BPs in blood from healthy females aged between 20 and 60 years
and living in Sicily (Italy). Also, a statistical interpretation, based on
univariate and multivariate tools, was performed to find a potential
relationship between the blood content of such compounds and the
variable “age”. Hopefully, this study will provide insights on the issue of
plasticizers in female blood, and it will lay also the groundwork for a
better understanding of the early or late onset of those diseases linked to
the presence of these compounds in biological matrices at given age
groups.

2. Materials and methods
2.1. Chemicals

Standards of di-methyl adipate (DMA), di-ethyl adipate (DEA), di
methyl phthalate (DMP), di-ethyl phthalate (DEP), di-isobutyl adipate
(DiBA), di-n-butyl adipate (DBA), di-propyl phthalate (DPrP), benzyl
benzoate (BB), di-isobutyl phthalate (DiBP), di-butyl-phthalate (DBP),
benzyl butyl phthalate (BBP), bis-(2-ethylhexyl) adipate (DEHA), dii-
soheptyl phthalate (DiHepP), di-cyclohexyl phthalate (DcHexP), bis-(2-
ethylhexyl) phthalate (DEHP), di-phenyl phthalate (DPhP), bis-(2 eth-
ylhexyl) terephthalate (DEHT), di-isononyl phthalate (DiNP), di-
isodecyl phthalate (DiDP), all of certified purity > 99 %, were pur-
chased from Aldrich Chemical (Chicago, IL, USA). DBPd4 and DEHP-d4
(100 ng/pL) in nonane, used as internal standards (ISs), were bought
from Cambridge Isotope Laboratories Inc. (Andover, MA, USA). Single
BP commercial standards, namely BPA, BPS, BPF, BPE, BPB, BPAF,
BPAP, BPZ and BPP) were purchased by Sigma-Aldrich (Bornem,
Belgium), and the IS 13C12-BPA was obtained from Cambridge Isotope
Laboratories.

Solvents for analysis (i.e., acetonitrile, methanol, water, and hexane,
LiChrosolv and SupraSolv grade) were purchased from Merck
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(Darmstadt, Germany). Overall, the contact of laboratory equipment
and solvents with samples, the sample preparation time, and the solvent
volumes were mandatorily minimized to significantly reduce the back-
ground contamination caused by solvents and laboratory materials.
Glassware and stainless-steel instruments were washed with acetone,
rinsed with hexane, dried at 400 °C for at least 4 h, and finally wrapped
with aluminium foils until analysis. All solvents were tested before use,
and due to the negligible and not quantifiable levels of background
contamination, they were employed throughout the analytical proced-
ures without no further purification.

2.2. Samples

During the period May 2021-October 2021, many female volunteers
were asked to complete a questionnaire regarding their gender, age,
residence, and general health status with particular attention to the
presence of infertility issues. As a result, n = 75 healthy females living in
the province of Messina (Sicily, Italy) and aged between 20 and 60 years
were selected for the present study. For each volunteer, informed con-
sent was obtained, and 5 mL of whole venous blood was collected in
sterilized glass tubes imbibed with 30 pL of 0.5 M ethyl-
enediamonotetraacetic acid (EDTA) at pH 8.0 and stored at — 20 °C until
analysis. Then, blood samples were subdivided into 3 cohorts according
to women’s age, the first group being between 20 and 44 years old
(reproductive women, n = 25), the second between 45 and 50 years old
(pre-menopausal women, n = 25), and finally 51-60 years old (meno-
pausal women, n = 25) (Table 1).

To minimize contamination, in addition to the glass tubes properly
capped with aluminium foil, glass syringes were employed throughout
the sampling procedure to avoid a potential contamination by the most
common PAEs or BPs present in medical equipment.

2.3. Plasticizers

The extraction of PAEs and NPPs was performed according to the
method of Haishima et al. (2004). Briefly, 120 pL of every blood sample
was transferred into screw-capped glass tubes, which were filled with
distilled water up to the level of 1 mL. Sodium chloride (10 mg) was
added to every sample and incubated for 30 min at room temperature.
Then, hexane (2 mL) was added, and the obtained mixture was stirred
for 20 min at room temperature, and the organic phase was collected
and evaporated to dryness. Before GC-MS analysis, all dried extracts
were re-suspended in 500 pL of n-hexane and spiked with 500 pL of each
internal standard. For analytical validation purposes, the described
procedures were also applied to additional and representative blank
samples which were previously analysed by the GC-MS protocol re-
ported ahead and revealed no plasticizer contamination.

Plasticizers were determined in all samples by a gas chromatography
system (GC-2010, Shimadzu, Japan) equipped with an autosampler
(HT300A, HTA, Italy) and coupled to a single quadrupole mass spec-
trometer (QP-2010 Plus, Shimadzu, Japan). Chromatographic separa-
tions occurred on a SPB-5MS capillary column (30 m x 0.25 mm i.d. x
0.25 um film thickness, Supelco, USA). The oven temperature program
was: from 60 °C to 190 °C at 8 °C/min (5 min hold), from 190 °C to
240 °C at 8 °C/min (5 min hold), and from 240 °C to 315 °C 8 °C/min.

Table 1
Information about the female participants in the study.
Age group Age Age expressed as Provenance
range mean + sd
Reproductive 20-44 32.67 £ 6.34 Sicily (province of
women Messina)
Pre-menopausal 45-50 47.25 + 1.87
women
Menopausal women 51-60 56.83 + 2.96
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The injection port was at 260 °C and was provided with a narrow inlet
liner (0.75 mm ID, Agilent Technologies). Sample injection took a place
in splitless mode, with sampling time of 60 s, then split ratio 1:15. In-
jection volume was 1 pL. Carrier gas (He, 210.0 Kpa, pressure control
mode) was used at a linear velocity of 30 cm/s. The MS setup was: EI
source temperature; 200 °C; ionization energy and emission current, 70
eV and 250 pA; interface temperature and electron multiplier voltage,
300 °C and 1.0 kV. Acquisition was performed both in full scan (mass
range 40-400 m/z) and selected ion monitoring (SIM) by monitoring
three characteristic mass fragments for every analyte (Table S1). Data
acquisition and processing were performed by GCMS solution software.
Identification of plasticizers occurred by comparison of their retention
times and mass spectra with those of corresponding commercial stan-
dards. The quantitative procedure was carried out in SIM mode,
considering the relative base peak ions (Table S1) and exploiting the
internal standard normalization. The main figures of merit of analytical
validation are reported in Table S2. Triplicate measurements were
conducted for every sample, alternated with analytical blanks.

2.4. BPs

The BPs extraction was carried out according to a protocol already
reported by Li et al. (2022). To every blood sample, 6 mL of acetonitrile
were added and stirred at 250 rpm for 30 min, followed by an ultrasonic
treatment for 40 min. Then, the mixture was centrifugated at 4000 rpm
for 10 min, and the supernatant was transferred to a clean tube. The
residue was extracted again by repeating the procedure. All extracts
were evaporated under a nitrogen stream and diluted with 5 mL of water
containing 0.5 mM ammonium acetate. A further purification was
conducted by passing the extract through an Envi-C18 cartridge (Sig-
ma-Aldrich, Oakville, ON, Canada), which was previously conditioned
with 5 mL of methanol and 5 mL of water (containing 2.5 mM ammo-
nium acetate). After the sample loading, the cartridge was rinsed with 5
mL of 10 % methanol in water, and target analytes were eluted with 5
mL of methanol containing 0.1 % ammonia. The eluent was evaporated
under a gentle nitrogen stream, and the final volume was adjusted to 50
pL with methanol/water (50:50) before instrumental injection. BP res-
idues were determined in every extract by an HPLC system (Shimadzu,
Kyoto, Japan), consisting of an LC-20ADXR binary pump, a SIL-20AXR
autosampler, and temperature-controlled column operator. The detec-
tor was a LCMS-8040 triple quadrupole mass spectrometer with an
electrospray ionisation (ESI) source. Labsolution software was used for
data control and analysis. Chromatographic separation was performed
on an Agilent Zorbax SB-C18 column (5microm 4.6 x250 mm). The flow
rate was 0.7 mL/min. Mobile phases A and B were ultrapure water and
acetonitrile, respectively. The following linear gradient was used: 0 min,
20 %B; 7 min, 40 %B; 25 min, 90 %B; 35 min, 20 %B. The injection
volume was 20 pL and the column temperature was set at 40 °C. The MS
was operated in negative ESI mode under the following specific condi-
tions: nebulizer gas flow 3.0 L/min, nebulizer gas pressure 770 Kpa,
drying gas flow 15.0 L/min, DL temperature 250 °C, CID gas 230 Kpa.
The dwell time was set to 500 ms. Data were acquired in MRM mode and
the resulting ion transitions were used for the identification and quan-
tification (internal standard method) of BPs. MRM transitions and the
main figures of merit of analytical validation for every target analyte are
reported in Table S3. Every sample was monitored in triplicate, along
with analytical blanks.

2.5. Statistical analysis

Statistical analysis was carried out using the SPSS 13.0 software
package for Windows (SPSS Inc., Chicago, IL). Initially, the non-
parametric Kruskal Wallis’s test was applied on log-transformed data
to assess differences between blood samples, with a statistical signifi-
cance at p < 0.05. Subsequently, a Principal Component Analysis (PCA)
was conducted on a starting data matrix where the cases (75) were the
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analyzed blood samples and the variables (9) were the plasticizers and
BPs residues reliably determined in blood samples (Skrbi¢ et al., 2010).
To this purpose, the data set was normalized to achieve independence of
the different variables scale factors, outliers were removed and a PCA
was performed to (i) evaluate the differentiation of blood samples in
relation to the women’s age, and (ii) reduce data dimensionality, while
identifying those combinations of variables, which provide the largest
contribution to sample variability, commonly known as principal com-
ponents (PCs). Accounting for a major portion of the variance in the data
set, and having the largest eigenvalues, the first PCs are typically used
for sample differentiation, as already reported in previous studies
(Albergamo et al., 2018).

3. Results
3.1. Plasticizers

Table 2 show the concentrations of plasticizers determined in every
blood sample divided into 3 groups according to the age of the subjects.
The results of GC-MS/MS analysis demonstrated the presence of PAEs
and NPPs in every sample. Specifically, of the 19 plasticizers analysed, 5
PAEs and 2 NNPs were detected in all samples, while the other 12
compounds were below the relative limit of detection (LOD) (Supple-
mentary table 1).

PAEs were determined in the three sample groups according to the
concentration order: DEHP ~ DiBP > DBP > DMP > DEP. DEHP and
DiBP were the only PAEs detected in 100 % samples and resulted
significantly different between the investigated sample groups (p <
0.05). In fact, they were least abundant in menopausal females
(respectively, 0.59 mg/L and 0.62 mg/L) and had greater contents in
premenopausal and (respectively, 0.75 mg/L and 0.65 mg/L) and
reproductive (respectively, 0.62 mg/L and 0.64 mg/L) females.

DBP, DMP and DEP shared the same trend of detection frequency, as
they were less detected in menopausal women (respectively, 83 %, 67 %
and 44 %) than premenopausal (respectively, 86 %, 71 % and 48 %) and
reproductive (respectively, 84 %, 79 % and 57 %) females. However,
DMP ranged between 0.35 and 0.40 mg/L (p < 0.001), with the same
concentration trend described above, while DBP and DEP were not
statistically significant between investigated samples (respectively
0.40-0.42 mg/L, p > 0.05 and 0.27-0.30 mg/L, p > 0.05).

Considering NPPs, DEHT and DEHA were reliably quantified
respectively in 94.3 % and 100 % samples. Interestingly, DEHT was least
detected in menopausal females (83 %). However, in these blood sam-
ples such NPP was at the highest level (0.89 mg/L, p < 0.001), thus,

Table 2
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resulting less abundant in reproductive and premenopausal women
(0.57 mg/L and 0.38 mg/L, p < 0.001). Conversely, DEHA was non
statistically different between the examined groups (0.39-0.41 mg/L, p
> 0.05).

On this basis, the total mean content of plasticizers, intended as sum
of PAEs and NPPs, ranged from 3.29 mg/L (in 86.4 % premenopausal
females under study) to 3.56 mg/L (in 82.4 % menopausal females),
being non significantly different between the age groups (p > 0.05),
while the total content of PAEs spanned from 2.28 mg/L (in 78.8 % of
menopausal females under study) to 2.52 mg/L (in 81 % of premeno-
pausal females), being significantly different in relation to age (p <
0.001).

3.2. BP residues

Table 3 shows the BPs determined in Sicilian females’ blood. The
HPLC-MS/MS analysis revealed the presence of 2 of the 9 BPs investi-
gated in every blood sample. Indeed, only BPA and BPS were success-
fully determined in most blood samples, the other BPs (i.e., BPF, BPE,

Table 3

Profile of BP residues (ug/L) and total content of BPs (XBPs, ug/L) revealed in
Sicilian females’ blood aged 20-44 years (reproductive females), 45-50 years
(premenopausal females), and 51-60 years (menopausal females). Results are
expressed as mean concentration (ug/L) and standard deviation of n = 25 sub-
jects selected for each group. Statistics from Kruskal-Wallis’s test is also
reported.

Blood Samples BPA BPS ZBPs
Reproductive mean =+ sd 219 + 1.04 + 3.23+
Females 0.20% 0.08? 0.23*

% positive 100 98 99
samples
Premenopausal mean + sd 1.86 + 0.80 + 2.66 +
Females 0.10° 0.06" 0.11°
% positive 87 82 84.5
samples
Menopausal mean -+ sd 1.56 + 0.58 + 2.14 +
Females 0.07¢ 0.07¢ 0.09¢
% positive 93 85 89
samples
F Statistics 58.69 63.09 63.14
P-Value < 0.001 < 0.001 < 0.001

¢ indicates homogeneous sample groups at « = 0.05 and blood samples which
do not differ from each other are designated by same letter. Bold p-values
showed significant differences at p< 0.05 between different sample groups.

Profile of PAEs (ing/L) and NPPs (mg/L) and total content of plasticizers (SPAEs+NPPs, mg/L) and phthalates (XPAEs, mg/L) revealed in Sicilian females’ blood aged
20-44 years (reproductive females), 45-50 years (premenopausal females), and 51-60 years (menopausal females). Results are expressed as mean concentration and
standard deviation of n = 25 subjects selected for each group. Statistics from Kruskal-Wallis’s test is also reported.

Blood samples PAEs NPPs XPAEs+NPPs  XPAEs
DMP DEP DiBP DEHP DBP DEHT DEHA
Reproductive females mean + sd 0.40 + 0.27 + 0.62 + 0.64 + 0.40 + 0.57 + 0.41 + 3.34 £ 0.38 2.36 +
0.02% 0.03 0.09? 0.08% 0.06 0.122 0.03 0.15%
% positive 84 79 100 100 57 100 100 88.6 84
samples
Premenopausal mean =+ sd 0.39 + 0.30 + 0.75 + 0.65 + 0.42 + 0.38 + 0.40 + 3.29+£0.18 2.52 +
females 0.00° 0.06 0.12° 0.05° 0.05 0.15" 0.07 0.19"
% positive 86 71 100 100 48 100 100 86.4 81
samples
Menopausal females mean + sd 0.35 + 0.29 + 0.59 + 0.62 + 0.40 + 0.89 + 0.39 + 3.56 + 0.62 2.28 +
0.02° 0.05 0.10° 0.10 0.07 0.29¢ 0.06 0.11¢
% positive 83 67 100 100 44 83 100 82.4 78.8
samples
F statistics 31.89 0.24 19.05 7.12 0.34 23.60 1.51 0.16 17.25
p-value < 0.001 0.89 < 0.001 0.03 0.84 < 0.001 0.47 0.93 < 0.001

a—c indicates homogeneous sample groups at « = 0.05 and blood samples which do not differ from each other are designated by same letter. Bold p-values showed

significant differences at p< 0.05 between different sample groups.
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BPB, BPAF, BPAP, BPZ and BPP) being lower than relative LODs (Sup-
plementary table 1). Interestingly, both BPA, BPS and XBPs were
detected at higher frequencies in premenopausal and reproductive
women’s blood than in samples from menopausal females characterized
by lower frequencies.

Similar conclusions can be done also for the concentrations of BPs,
since they were at the lowest and highest levels respectively in meno-
pausal and reproductive females. Specifically, BPA was detected in 93 %
samples (100 % of positive reproductive females and 87-93 % of posi-
tive pre- and menopausal females) and was in the range 1.56-2.19 pg/L
(p < 0.001), while BPS had lower detection frequencies (98 % of positive
reproductive females and 82-85 % of positive pre- and menopausal fe-
males) and varied between 0.58 and 1.04 pg/L (p < 0.001). Accordingly,
YBPs significantly decreased from reproductive to menopausal women
(.e., 3.23-2.14 pg/L, p < 0.001).

3.3. PCA

The PCA analysis was performed by using only those variables
resulted to significantly different between the sample groups and the
normalized data set (Marengo and Aceto, 2003). The suitability of the
data set was pre-checked. The Kaiser-Meyer-Olkin measure revealed a
value of 0.745, greater than 0.600 (Sola-Larranaga and Navarro-Blasco,
2009), and the Bartlett’s test of sphericity showed a Chi-squared value
equal to 716.326 (at p level below 0.001), thus, supporting the suit-
ability of the correlation matrix. According to the Kaiser Criterion, only
those principal components (PCs) with eigenvalues greater than unity
were retained (Di Bella et al., 2015). Accordingly, three PCs with
respective eigenvalues of 3.45, 1.73, and 1.16, were extracted and they
explained up to 79.21 % of the total variance (43.065 %, 21.645 % and
14.50 %, respectively). The three PCs and the relative communalities
), namely the total amount of variance a variable share with all other
variables, are reported in Table 4. Variables with low saturation in each
component were not identified and all communalities were > 0.620,
therefore the extracted PCs were able to satisfactorily reproduce all
original variables. Specifically, PC1 showed the highest positive corre-
lation with BPA, BPS and XBPs phthalates, while a negative correlation
could be observed for DMP. PAEs, such as DiBP, to a lesser extent DEHP,
and XPAEs, had positive correlations with PC2, while the dominant
variable in PC3 was DEHT.

As shown in the bidimensional score plots of Fig. 1, groups of
reproductive and menopausal females are clearly separated into two
distinct clusters. However, the cluster of perimenopausal women
covered the central part of the plot, while partially overlapping with that
of reproductive females. The role of PC1 in separating the different fe-
male groups is quite evident and the female blood is ranked according to
a decreasing score order, namely samples from fertile, perimenopausal
and menopausal females. In such order, BPs exhibited the best
discrimination power.

4. Discussion

The research of MPs in the human body is rapidly evolving, with

Table 4

Extracted PCs and relative variables communalities (h?).
Compound PC1 PC2 PC3 n?
DMP -0.663 -0.160 -0.410 0.633
DiBP -0.342 0.736 -0.431 0.845
DEHP -0.340 0.568 0.427 0.620
DEHT -0.228 0.202 0.769 0.684
Y PAEs -0.436 0.771 -0.130 0.802
BPA 0.902 0.240 -0.001 0.872
BPS 0.905 0.279 -0.117 0.911
Y BPs 0.947 0.266 -0.051 0.971

Bold values indicate the dominant variables in each PC.
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more studies expected to emerge in the near future. Despite available
studies are still limited to a few world regions, MPs have been already
detected in a variety of human tissues and biological matrices, including
blood (Kutralam-Muniasamy et al., 2022; Leslie et al., 2022). In blood,
moreover, MPs are inevitably throughout body organs via the circula-
tion system (Leslie et al., 2022).

MPs contain several chemicals that are added during the
manufacturing process, including plasticisers with known endocrine
disrupting activity, such as PAEs, NPPs and BPs.Such intrinsic chemicals
were reported to have a constant movement along the concentration
gradient, as plastics kept being fragmented into MPs, and they may be
translocated when MPs come into contact with body surfaces, organs or
tissues (Browne et al., 2011), thus, interfering with endogenous hor-
mones, even at low concentrations (Cole et al., 2011). In the last two
decades, the monitoring of plasticizers in human blood was carried out
(Owczarek et al., 2018; Wan et al., 2013; Genuis et al., 2012; Latini
et al., 2003; Lee et al., 2008; Colén et al., 2000; Yang et al., 2009;
Cobellis et al., 2009), also in references to vulnerable female groups
from Italian population (Latini et al., 2003; Cobellis et al., 2009).

In accordance with previous literature and with the ubiquitous na-
ture of these compounds, the present study confirmed the widespread
exposure to diverse PAE and BP residues also in Sicilian women’s blood
with different ages, while NPPs, such as DEHT and DEHA, were detected
in this study for the first time. Regardless of the age group, the most
abundant residues found in female blood were DiBP, DEHP, DEHT and
BPA. Between them, DEHP is still the most common plasticizer
employed in plastic products despite the European Union has restricted
its use in many commercial products (i.e., toys and childcare products)
in the past twenty years (European Commission, 2006), DEHT has been
emerging as one of the main replacement plasticizers in PVC materials
(ChemSec, 2019), and BPA is the main plasticizer employed in the
manufacturing of most common PC products. Moreover, their abund-
ancy in biological matrices may be explained by a relatively high mo-
lecular weight, lower water solubility and, consequently, higher
accumulation ability of such compounds in body tissues (Cheng et al.,
2013; Torres-Garcia et al., 2022).

Based on the obtained data, higher concentration ranges of PAEs
were alarmingly displayed in this study with respect to previous litera-
ture (Colon et al., 2000; Hogberg et al., 2008; Wan et al., 2013), thus,
correlating with the drastic increase of plastic production volumes
observed in the last decades. To facilitate this comparison, Table 5
summarizes the data from this study and compares them to those re-
ported in the literature.

Colén and co-workers (2000) focused between 1994 and 1998 on
very young (from 6 months to 8 years old) Puerto Rican females with
premature breast development, determining in such subjects higher
detection frequencies (68 %) and levels of PAEs (DBP 0.019-0.067 mg/
L; DEP 0.002-0.009 mg/L; and DEHP 0.016-0.513 mg/L) than control
females, where only DEHP was determined in 14 % of cases and at lower
levels. However, the concentrations of PAEs discussed by Colon et al.
(2000) were in any case lower than those obtained for healthy Sicilian
females. In 2007, Hogberg et al. (2008), screened the milk and blood
serum of Swedish women and lower frequencies and concentrations of
DEP (80.5 % of samples with a mean concentration of 0.0003 mg/L),
DBP (70 % of samples with a mean concentration of 0.001 mg/L) and
DEHP (47 % of samples with a mean concentration of 0.006 mg/L) were
found out with respect to the present study.

Wan and co-workers (2013) monitored between 2010 and 2011 PAEs
in both males’ and females’ blood from the Hong Kong population based
on two age groups (16-39 years and 40-63 years) and they pointed out
that older individuals had slightly higher total PAEs than the younger
ones (0.043 mg/L vz. 0.041 mg/L). Accordingly, they revealed single
congeners slightly most abundant in subjects aged 40-63 years than
16-30 years. For example, DiBP amounted to 0.006 mg/L and
0.005 mg/L in older and younger study participants, and DBP varied
non significantly between 0.005 and 0.004 mg/L in the two age groups.
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Fig. 1. Bidimensional score plots obtained by plotting the three main PCs, namely PClviz. PC2 (A) and PClviz. PC3 (B). The definition of three clusters, corre-
sponding to the blood samples from the three investigated female groups, is most evident in plot (A), explaining a greater cumulative variance.

Table 5

Comparison between the level of plasticizers found in blood from this study and
from previous literature.

Compound  Concentration range Reference
this study Previous studies
DMP 0.35-0.40 mg/ -
L
DEP 0.27-0.30 mg/ 0.002-0.009 mg/L Colén et al.
L 0.0003 mg/L (2000)
Hogberg et al.
(2008)
DiBP 0.59-0.75 mg/ 0.006-0.005 mg/L Wan et al. (2013)
L
DEHP 0.62-0.65 mg/ 0.016-0.513 mg/L Colén et al.
L 1.15-2.05 mg/L (2000)
Latini et al.
(2003)
DBP 0.40-0.42 mg/ 0.019-0.067 mg/L Colén et al.
L; 0.006 mg/L (2000)
0.005-0.004 mg/L Hogberg et al.
(2008)
Wan et al. (2013)
DEHT 0.38-0.89 mg/
L;
DEHA 0.39-0.41 mg/
L
BPA 1.56-2.19 pg/L; <LOD-2.84 pg/L He et al. (2009)
<LOD-66.46 ug/L, <LOD- Lee et al. (2008)
8.86 pg/L Cobellis et al.
2.91 pg/L (2009)
0.12 ug/L Owczarek et al.
1.69 pg/L (2018)
Yang et al. (2009)
BPS 0.58-1.04 pg/L;  5.15 ug/L Cobellis et al.
1.14 pg/L (2009)
Owczarek et al.
(2018)

However, DEHP had an opposite trend, being significantly more accu-
mulated in younger volunteers (i.e., 0.011 mg/L vz. 0.010 mg/L).
However, the blood contamination by PAEs studied in the Hong Kong’s

population was still lower than that found in the Sicilian females’ blood.

In this framework, only Latini and colleagues (2003), focusing on
pregnant women from the Campanian region (Italy), revealed a DEHP
content both in maternal (71 % of samples with a mean content of
1.15 mg/L) and cord (44 % of samples with a mean level of 2.05 mg/L)
blood up to 3 times higher than data from our study. According to the
contents of the article, a weak analytical approach that did not include
adequate measures of sample contamination prevention may be
responsible for such results.

Differently from PAEs, BPA has been more thoroughly investigated
in human blood (Yang et al., 2009; Cobellis et al., 2009, Lee, 2008;
Owczarek et al., 2018; Genuis et al., 2012; He et al., 2009; Huang et al.,
2019). Nevertheless, the evaluation of human exposure to BPs analogues
other than BPA, is still scarce (Owczarek et al., 2018; Cobellis et al.,
2009). Overall, previous literature highlighted that the contents of BPA
and BPS in womens’ blood were basically in agreement with those
showed in this study.

For example, He and colleagues (2009) monitored serum BPA in a set
of male and female subjects with different ages from the Shanghai’s
population. BPA was detected in 17 % of serum samples, and its content
varied from <LOD up to 2.84 ug/L, thus, being in the same concentra-
tion range of the present work. In line with the present study, moreover,
greater detection rates and levels of BPA in younger people (<40 years)
than the older ones (>40 years) were highlighted.

BPA was also found in the serum of Korean pregnant women but also
in the umbilical cords of their fetus, where it ranged from <LOD to
66.46 ug/L and <LOD to 8.86 ug/L respectively, thus, being much
higher than BPA from our study. However, results from this study
demonstrated how BPA can accumulate in the mother’s body and
reasonably migrate towards the fetus (Lee et al., 2008).

In a study of Cobellis et al. (2009), BPA and BPB were determined in
Italian endometriotic women respectively with mean contents of
2.91 pg/L and 5.15 pg/L, thus, BPA resulting in line with the levels
found in Sicilian females’ blood of. Additionally, a correlation was made
between the presence of BPA and BPB and the occurrence of endome-
triosis, with a 63.8 % occurrence rate in women aged 21-42 years.

To the best knowledge, only Owczarek and colleagues (2018)
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comprehensively monitored 10 BP analogues (BPC, BPE, BPF, BPG,
BPM, BPP, BPS, BPZ, BPFL and BPBP), other than BPA, in healthy Poland
women aged 18-40 years. Differently from the present studies, all
investigated analogues were detected although with lower frequencies
(from 23.5 % for BPFL to 72 % for BPS and 91.4 % for BPA). Moreover,
they showed variable contents, ranging from median value of 0.07 pg/L
for BPFL to 1.14 pg/L for BPS. Surprisingly, BPA showed a lower content
(0.12 pg/L), thus, resulting most similar to the other BP analogues. On
this basis, BPS from Poland woman was comparable with the corre-
sponding analogue determined in Sicilian menopausal female; while
BPA resulted was more than 10 times less concentrated than the BPA
found in this study.

Apart from the reliable determination of PAEs, NPPs and BPs, this
study proposed for the first time a valid statistical approach able to
display how certain compounds varied significantly based on the fe-
males’ age. In fact, premenopausal and reproductive females shared
greater contents of PAEs, such as DEHP and DiBP, and BPA and BPS than
older menopausal women.

Based on the evidence that human blood contains information about
short-term exposure to xenobiotics (Owczarek et al., 2018), and that
plasticizers have a relatively short half-life as they are rapidly metabo-
lized in human body (Koch et al., 2004; Wittassek, Angerer, 2008;
Vandenberg et al., 2010), the greater contents of DEHP and DiBP in
reproductive and premenopausal woman correlates well with younger
age groups, who are prone to use at higher quantities a variety of PVC
and PC products containing such common plasticizers, such as toys,
cosmetics, baby care and body care products, food wraps, bottles, food
containers etc. Additionally, although the content of plasticizers, such as
DEP and DBP, showed no discrimination power in relation to the fe-
males’ age, they were still characterized by different detection fre-
quencies between the investigated age groups, which may underline a
more frequent use of PVC products by younger than older females.

5. Conclusions

Results from this study indicate that the environmental abundance of
plastics with their MPs, constantly exposes also the modest portion of
female participants in this study to the wide spectrum of plasticizers, and
that a correlation between the women’s age and the profile of PAEs,
NPPs and BPs outlined in blood, can be reasonably defined. However,
the lack of information regarding dietary habits, education, lifestyle,
employment etc. of participating subjects, prevented us from discov-
ering the exposure routes in the study population, as well as correlating
the obtained data with clear environmental sources of plasticizers. As a
result, the sources of non-occupational/occupational exposure to such
xenobiotics should be in-depth explored.

Undoubtedly, there is a need for a radical change in approaching the
study of contaminants in human health, as more emphasis should be first
placed on monitoring programs, population-based data, and epidemio-
logical studies to derive reliable relationships between human exposure
and health outcomes. By doing so, better predictive models of human
response to toxicants may be established.
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