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Abstract

Background Microplastics (MPs) and nanoplastics (NPs) have recently been detected in several human biological
matrices; however, evidence in children remains limited. This exploratory study aimed to investigate the presence and
concentration of urinary MPs and NPs (MNPs) in primary school children residing in Cyprus.

Results First-morning urine samples from 29 children were analyzed using scanning electron microscopy coupled
with energy-dispersive X-ray analysis (SEM/EDX), applying strict contamination-control measures and focusing

on particles < 10 um. Pyrolysis—GC/MS was additionally used to characterize polymer composition, identifying
polyethylene (PE) and polypropylene (PP) as the predominant polymers. MNPs < 10 um were detected in all samples,
with concentrations ranging from 393 to 8050 particles/ml (median: 1217 particles/ml; IQR: 800-2030). Particle
diameters ranged from 0.88 um to 3.44 um (median: 1.69 um; IQR: 1.25-2.25 um; minimum: 0.77 pum; maximum:
4.88 um). No statistically significant associations were observed between MNP concentrations and body mass index
(BMI)-for-age categories or hand-to-mouth behavior.

Conclusions Although direct comparisons with previous studies are limited due to methodological variability
among studies and the lack of standardized protocols for MNP quantification in human urine, these findings provide
preliminary evidence of urinary MNPs in children. Further large-scale studies using harmonized analytical approaches
are needed to better characterize exposure patterns in pediatric populations.
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Background

In recent years, microplastics (MPs) and nanoplastics
(NPs) have emerged as persistent and pervasive environ-
mental contaminants [12]. Originating from the fragmen-
tation of anthropogenic plastic materials, these particles
spread through oceans, freshwater systems, soils, and the
atmosphere, eventually infiltrating food chains and enter-
ing the human body [18, 50, 53].

Plastic particles have been detected in various bio-
logical matrices, including blood, urine, and breast milk,
indicating ubiquitous and widespread occurrence [20,
28]. International agencies have recognized MPs as an
emerging environmental and health concern, prompt-
ing ongoing monitoring and regulatory initiatives [1, 7, 8,
9,44]. MPs can enter the human body through ingestion,
inhalation, and, to a lesser extent, dermal contact [41,
49]. Once internalized through gastrointestinal or respi-
ratory exposure [41, 55], particles may cross epithelial
barriers via mechanisms such as endocytosis, transcyto-
sis or paracellular transport [19, 35, 40, 41]. Evidence for
subsequent internal distribution is mainly supported by
animal studies and mechanistic in vitro models [17, 41].
In recent years, human tissue analyses have also reported
the presence of MPs in several internal organs, including
heart, placenta, vascular tissue, semen and gallstones [21,
22, 48, 51, 56], supporting the plausibility that particles
may be retained in different compartments of the body.
Among these, detection of MPs in renal tissue and urine
indicates that particles can also reach excretory pathways
[15, 25, 34]. Urine represents an easily accessible and
non-invasive matrix commonly used in biomonitoring
studies of environmental contaminants.

Despite the growing body of evidence on MP exposure
in adults, pediatric data remain scarce and fragmented.
A recent systematic review focusing on MP exposure
and health effects in children highlighted major gaps,
including the absence of standardized protocols for the
collection and analysis of pediatric biological samples
and the predominance of in vitro or animal evidence
over epidemiological data [3]. Children may experience
higher exposure due to age-specific behaviours, such as
the intensive use of plastic feeding equipment in infancy,
hand-to-mouth contact with plastic toys, and the con-
sumption of food stored in plastic packaging during
adolescence [3, 33]. In addition, several physiological
characteristics contribute to increased biological sus-
ceptibility, including immature detoxification pathways,
developing organ systems, transplacental transfer of
micro- and nanoplastics (MNPs), and higher internal
doses relative to adults [19]; Pettoello Mantovani et al.
2025). MP exposure in children has also been associated
with mitochondrial damage, oxidative stress, hepatotox-
icity, respiratory inflammation, and endocrine disruption
[3]. Children also ingest proportionally larger amounts of
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food per kilogram of body weight than adults, with esti-
mated daily intakes of certain food-borne contaminants
being two- to nearly four-fold higher in infants [14, 26,
45]. Additional examples of disproportionate exposure in
early life include bisphenol A (BPA), which can migrate
from food packaging and acts as an endocrine disrup-
tor, with adverse effects reported even at exposure levels
below the tolerable daily intake [26]. This higher intake
per body weight, combined with faster gastric empty-
ing and higher ventilation rates, further increases their
vulnerability to environmental pollutants during early
developmental stages [26]. Hand-to-mouth activity and
body mass index (BMI) could be considered as descrip-
tive characteristics when examining potential patterns in
urinary MP levels among children. Emerging evidence
suggests that MPs may act as metabolism-disrupting
chemicals and potential obesogens, altering adipocyte
differentiation, adipose tissue homeostasis, and systemic
metabolic regulation [16, 27, 29, 54]. These findings pro-
vide a rationale for including BMI as a descriptive vari-
able when exploring potential metabolic patterns related
to MPs.

The present exploratory study provides the first assess-
ment of MPs in urine samples from children residing in
Cyprus, considering hand-to-mouth activity as a behav-
ioral factor and BMI as an anthropometric indicator. This
provides new evidence of MP occurrence in children and
underscores the need for further standardized biomoni-
toring efforts in pediatric populations.

Materials and methods

Setting, population and biospecimen sampling

The study population is a random subsample (n = 29)
of the baseline samples collected via the ORGANIKO
LIFE non-pharmacological health intervention study
[24]. A non-pharmacological cluster-randomized cross-
over trial (ORGANIKO LIFE +) (NCT02998203) was
set up as an investigator-initiated 2 x 2 cluster (school)-
based, randomized crossover trial in six primary schools
within Limassol, Cyprus. The trial protocol was approved
by the Cyprus National Bioethics Committee (EEBK/
ET1/2016/25). Written informed consent was obtained
from parents or legal guardians of all participating chil-
dren. Anthropometric measurements were used to cal-
culate the child’s body mass index (BMI), which was
classified according to WHO [46] growth reference
standards, using age and sex specific z-scores and cor-
responding BMI-for-age categories (normal: z-score > -2
SD and < + 1 SD; overweight: z-score > + 1 SD and < + 2
SD; obesity: z-score > + 2 SD).

This study used first morning urine samples collected
from primary school children (11+0.63 years old) resid-
ing in the Republic of Cyprus, and the urine samples
were collected during Spring 2017. One ml of each urine
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sample collected in appropriately cleaned glass containers
was shipped to the University of Catania with controlled
temperature at 4 °C. Upon arrival at the Environmental
Hygiene and Food Laboratory of the University of Cata-
nia, all samples were promptly stored at — 80 °C until fur-
ther analysis. To evaluate potential contamination from
the collection containers, dedicated container blanks
were processed under the same analytical conditions; no
detectable MP release was observed.

Extraction and analysis of MNPs

The extraction of MNPs from the urine samples was
carried out using the advanced extraction method pro-
tected by a European patent (EP 3788344) validated with
arecovery > 81% and a calculated LOD = 0.1 um [10, 58].
The method applied in the present study was adapted
from the protocol described by Ferrante et al. [10], with
appropriate modifications. Briefly, 1 ml from each sam-
ple was transferred into a clear glass container and sub-
jected to a chemical preparation coupled to a controlled
digestion, using open vessel graphite block digestion.
After digestion, a liquid-liquid extraction was performed,
and the mixture was briefly vortexed to ensure homo-
geneity. The sample was then centrifuged to achieve the
separation of phases. The lower phase, enriched with
extracted and collected MNPs, was carefully transferred
to a new glass vial for detection. To guarantee the reli-
ability of the procedure, blank controls (samples with-
out a biological matrix) were systematically processed
in parallel, allowing verification of the absence of envi-
ronmental or laboratory contamination. In addition,
spike controls were prepared by adding known quanti-
ties of standard MP particles (Sigma-Aldrich polystyrene
microbeads: 42922-5ML-F, 3 um; and 55463-5ML-F, 10
um) to selected samples in order to evaluate the recov-
ery efficiency of the method (87%) and confirm its repro-
ducibility. Throughout the entire procedure, stringent
contamination control measures were implemented.
Personnel wore nitrile gloves and 100% cotton lab coats,
and all sample processing was performed in a clean room
under a horizontal laminar flow cabinet with controlled
access. Additionally, reagent blanks were processed
alongside each batch of samples to confirm that any
potential background contamination was negligible [13,
18, 28].

Polymer identification by Py-GC/MS

Pyrolysis—gas chromatography—mass spectrometry (Py-
GC/MS) was used to identify the polymeric composi-
tion of the total plastic fraction extracted from urine
samples, including polymeric material potentially asso-
ciated with particles below the size detection limits of
conventional spectroscopic techniques (including also
MPs<10 pm). However, Py-GC/MS does not provide
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direct information on particle number, particle size dis-
tribution, or morphology. The extracts were analyzed
using a multi-shot pyrolyzer (EGA/PY-3030D, Frontier
Lab) coupled to a GC/MS system (GCMS-TQ8040 NX,
Shimadzu). MPs were analyzed in single-shot mode at
600 °C (holding time: 0.2 min). The pyrolyzer was directly
connected to the GC/MS split/splitless injector, operated
in split mode (50:1). Pyrolysis products were separated
on an Ultra-Alloy® 5 capillary column (30 m x 0.25 mm,
0.25 um film) using Helium as carrier gas. The GC oven
was programmed from 40 °C to 300 °C using a multi-step
temperature ramp (total run time: 40 min).

The mass spectrometer operated in electron ionization
(EI) mode, acquiring full-scan spectra in the m/z range
29-600 for qualitative analysis. Additionally, a Selected
Ion Monitoring (SIM) method was developed to confirm
characteristic marker compounds of selected target poly-
mers, based on diagnostic fragment ions.

Chemical structures were identified by matching exper-
imental spectra with reference data from the NIST11,
NIST14, and WILEY8 MS libraries (all with similarity
scores > 80%), and further confirmed using the reference
text Pyrograms, Thermograms and MS of Pyrolyzates
[42]. Pyrolysis products were assigned by comparison
of retention times and characteristic mass spectra with
those obtained from MP calibration standards (MPs-
SiO2-L from Frontier Laboratories LTD.). Consequently,
polymer identification was based on a combined evalu-
ation of retention times, characteristic pyrolysis prod-
ucts, and diagnostic fragment ions. Although Py-GC/MS
provides high analytical sensitivity for polymer detec-
tion in complex biological matrices, certain limitations
must be acknowledged. Some polymers may generate
partially overlapping pyrolysis products or non-specific
fragments, potentially compromising the specificity of
polymer identification in complex mixtures. To address
this and enable quantitative analysis, an external calibra-
tion method was developed using the data of character-
istic pyrolysis products and their associated m/z signals
as analytical markers. Specifically, m/z 41, 53, 69, 83, 97,
and 111 were selected for 1-tetradecene (95% spectral
similarity) derived from polyethylene pyrolysis, whereas
m/z 43, 55, 70, 83, and 126 were utilized for 2,4-dimethyl-
1-heptene (97% spectral similarity) derived from polypro-
pylene pyrolysis. The identity of these target pyrolyzates
was definitively confirmed through comparative verifi-
cation, ensuring that both chromatographic retention
times and mass spectra of the analyzed samples were in
full agreement with the reference standards. For PE, a
four-point calibration curve was established over a mass
range of 22,79-105,08 pg, showing excellent linearity
(R* = 0.9985), with a slope (m) of 1.229 x 10° counts/ug
and a y-intercept (q) of — 2.321 x 107 counts. The calcu-
lated limit of detection (LOD) and limit of quantification
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(LOQ) were 3.16 pg and 9.58 pg, respectively. Similarly,
PP quantification was validated over a range of 6.26—
28.90 pg, yielding strong linear correlation (R* = 0.9961),
with a slope (m) of 8.455 x 10° counts/pg and a y-inter-
cept (q) of — 4.852 x 107 counts. The corresponding LOD
and LOQ values for PP were 1.49 ug and 4.50 ug, respec-
tively. These results demonstrate the robustness, linearity,
and sensitivity of the developed Py-GC/MS method for
the quantitative determination of PE and PP in complex
urine-derived samples. Therefore, the quantitative data
obtained by Py-GC/MS refers to polymer mass concen-
tration rather than particle counts. The full raw datasets,
including extensive uncertainty propagation analyses for
initial mass, peak area, and back-calculated values, are
thoroughly detailed in the Supporting Information (Table
S1 and Table S2).

Microscopy and particle quantification

To characterize MNPs, the extracts were deposited onto
aluminum stubs and subsequently sputter-coated with a
thin layer of pure gold using an automatic sputter coater
(Model 108 Auto Sputter Coater, Cressington Ltd., UK).
This coating process was crucial to enhance the sample’s
conductivity and enable high-resolution imaging (see
patent No. EP 3788344).

Prepared samples were examined with a scanning elec-
tron microscope (SEM) coupled to an Energy-Dispersive
X-ray (EDX) detector. EDX allows the characterization of
the chemical composition of micro- and nanoscale mate-
rials. The SEM/EDX pairing was used for the identifica-
tion and characterization of MPs < 10 um by examining
their physical structure and elemental composition, per-
mitting the differentiation of MPs from non-plastic mate-
rials, according to previously described protocols and the

Table 1 Study population characteristics

Variable n (%)
Age (mean, SD) 11.08 (0.63)
Sex (female, %) 14 (48.3)
Parent educational level

Mother's education

University/college 14 (48.3)
Master/PhD 9(31.0)
Father's education

Secondary 9((32.1)
University/college 10 (35.7)
Master/PhD 9((32.1)

Waist (median [IQR]
BMI for age (n, %)

69.00 [65.00, 77.00]

Normal 18 (62.1)
Overweight 7(24.1)
Obese 4(13.8
Hand in mouth (Yes, %)

)
8(27.6)
Percentages are calculated on the total study population (n=29).
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associated patent description [10]; (EP 3788344). MPs
were quantified using MICROPLAST software version
1.0 [10]; (EP 3788344), which provided both the particle
count (expressed as particles/ml) and size distribution
(LOD = 0.1 pm), emphasizing particles < 10 pm for their
higher biological relevance. Although the extraction
method recovers the entire polymeric fraction down to
the instrumental LOD of 0.1 pm, in this study the term
‘MPs < 10 um’ refers operationally to particles quantified
by SEM/EDX within this size range, including sub-micro-
metric particles down to 0.1 pm.

Statistical Methods
Descriptive statistics (median and interquartile range,
IQR) and plots (boxplots and scatterplots) were used
to visualize and evaluate distributions of urinary
MPs<10 pm and population characteristics. Since
MP <10 pm concentrations and particle size distributions
did not follow a normal distribution, only non-para-
metric tests were applied. Differences between groups
(BMI-for-age categories and hand-to-mouth behav-
ior) were assessed using Kruskal-Wallis or Wilcoxon
rank-sum tests, depending on the number of groups
compared. All tests were conducted as two-sided.
Correlations between standardized BMI (BMI z-scores)
and MP<10 pm variables (concentration and median
particle diameter) were evaluated using Spearman’s rank
correlation coefficient. Exact p-values are reported for
all statistical tests. No correction for multiple compari-
sons was applied, given the exploratory nature of the
study and the limited sample size. A supplementary sen-
sitivity analysis was performed by excluding the extreme
MP<10 pm concentration observation identified using
the IQR method. This analysis was conducted to assess
whether the main patterns were influenced by extreme
values in the dataset. Given the small sample size and the
exploratory nature of the study, no post-hoc tests were
performed. Statistical analyses were performed using R
software (version 4.5.0).

Results

This exploratory children’s study highlighted the presence
of MPs in children’s urine who were part of the ORGAN-
IKO LIFE+ study group (Table 1).

Pyrolysis—GC-MS analyses allowed the estimation
as sum of all polymers contained in urine samples (sum
of all particles extracted, including MPs< 10 pm), yield-
ing a value of 46 pg/ml. Among the detected polymers,
polyethylene (PE) was the predominant polymer in urine
samples (22.89 pg/ml), followed by polypropylene (PP)
(5.35 pg/ml). Polystyrene (PS), Polymethyl methacry-
late (PMMA), Polyvinyl chloride (PVC), Polyethylene
terephthalate (PET), and Nylon (NY) were below their
respective limits of detection (<0.21, <1.39, <50, <2.26,
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and <7.97 ug/ml, respectively). Therefore, quantita-
tive considerations were primarily based on PE and PP,
which were consistently detected above the analytical
thresholds.

Py-GC/MS reflects the total polymer mass present in
the sample, whereas SEM/EDX captures particle number
and size distribution. These two analytical approaches
provide complementary but non-interchangeable infor-
mation on urinary MNP content.

Based on SEM/EDX analysis, the concentration of
MPs <10 pm showed a median of 1217 particles/ml (IQR:
800-2030), with values ranging from 393 to 8050 parti-
cles/ml (Table 2).

The median particle diameter across all samples was
1.69 pm (IQR: 1.25-2.25 um), ranging from 0.88 to
3.44 pum (Table 2).

The implementation of stringent contamination
prevention measures minimized the risk of external
interference, thereby enhancing the robustness of the col-
lected data. Additionally, SEM images were obtained to

Table 2 Number-based concentrations of MPs < 10 um in urine
samples (SEM/EDX analysis)

ChildID Concentration Median Minimum Maximum
MPs <10 pm diameter  diameter diameter
(particles/ml) (m) (um) (um)

1 2770 1.65 0.88 241

2 401 2.20 2.15 225

3 2030 1.46 0.85 207

4 799 1.25 0.96 155

5 405 1.12 1.00 1.25

6 1638 2.60 1.20 4.00

7 1217 212 122 3.03

8 819 1.69 1.23 215

9 2060 0.99 0.78 1.20

10 406 344 2.00 488

Il 3260 1.70 1.00 240

12 800 1.85 1.14 2.56

13 413 2.10 2.00 220

14 1640 2.34 1.10 3.58

15 1210 2.00 0.90 3.10

16 408 0.93 0.88 0.98

17 2060 1.31 091 1.70

18 1230 2.64 1.00 4.28

19 1970 1.48 0.95 2.00

20 393 098 0.97 1.00

21 802 3.08 261 3.55

22 2851 227 1.00 3.54

23 1230 0.88 0.77 0.99

24 1180 225 2.00 2.50

25 8050 282 0.85 4.80

26 1600 1.25 1.00 1.50

27 801 1.10 1.00 1.20

28 880 1.18 1.00 1.35

29 2400 161 1.08 215
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visualize the MPs<10 pum extracted from the samples.
These images clearly reveal the irregular shapes and
diverse sizes of the particles, reinforcing the accuracy of
our identification process (Fig. 1).

Exploratory differences in urinary MP < 10 pm concen-
trations across BMI-for-age categories were observed in
the Kruskal-Wallis analysis (H=9.44; p=0.0089). Chil-
dren with a normal BMI exhibited the lowest median
concentration (841 particles/ml; IQR: 509-1226). The
overweight group showed the highest observed median
concentration (2060 particles/ml; IQR: 1835-2810) and
included one extreme value. A supplementary sensitiv-
ity analysis excluding this extreme observation yielded
comparable results (H=7.65, p=0.022), and the Spear-
man correlation between BMI z-score and MP <10 pm
concentration was slightly attenuated (p=0.33, p=0.082),
indicating that the overall patterns were not solely driven
by this value. The obese group displayed a median con-
centration (1228 particles/ml; IQR: 712-2043) and the
widest interquartile range (Fig. 2). However, the small
number of participants within categories, limits statisti-
cal power and the interpretability of this finding, which
should be considered descriptive only.

Analysis of MP<10 pum concentrations (particles/ml)
in relation to hand-to-mouth behavior did not show
statistically significant differences between groups (Wil-
coxon statistic=84; p=1.00). Median concentrations of
MPs <10 pm were similar in children who did not exhibit
this behavior (1217 particles/ml; IQR: 800-2030) com-
pared to those who did (1055 particles/ml; IQR: 814—
1743) (Fig. 3).

Among MPs<10 um, differences in MNP size were
observed across children’s behavioral patterns, although
they were not statistically significant (Wilcoxon statis-
tic=121.5; p=0.071). Children who did not engage in this
behavior exhibited a higher median diameter (2.00 pm;
IQR: 1.46-2.27), with values ranging from 0.93 to
3.44 um. Conversely, children who exhibited the behavior
had a lower median diameter (1.22 um; IQR: 1.10-1.70),
with values ranging from 0.88 to 2.6 pm (Fig. 4).

The correlation between standardized BMI (BMI_
start_sds) and MP<10 um concentration was weak
(p=0.36), and the correlation between standardized BMI
and median particle diameter was very weak (p=0.22).
These correlations were weak and should be interpreted
descriptively.

A Spearman correlation matrix summarizing these
relationships is provided in Supplementary Materials
(Fig. 5).

Discussion

This exploratory study contributes new data on the pres-
ence of MPs in children’s urine. The study population
had a relatively homogeneous age range, which supports
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Fig. 1 Diameters of MPs< 10 um in urine samples observed using SEM
at 1500x magnification. (A) One particle observed. (B) Four particles
observed

internal consistency but naturally limits broader gener-
alization. In addition, participants were recruited from a
single urban area, which may limit the broader applica-
bility of the findings. Overall, our findings indicate that
exposure to MPs occurs in this population, although the
extent and sources of exposure cannot be determined
from this exploratory dataset. These findings are based
on urine samples originally collected within the ORGAN-
IKO LIFE+ project, which, although not designed for
MPs biomonitoring, still offer the opportunity to char-
acterize internal MNP presence in this population. MPs
can enter the human body through ingestion and inhala-
tion and reach internal compartments, where they may
interact with biological systems and contribute to oxi-
dative and inflammatory responses [2]. At the cellular
level, in-vitro toxicological studies further demonstrate
that MPs in the 1-3 pm size range can be internalized
by human cells, eliciting a spectrum of cellular stress
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responses that include oxidative stress, mitochondrial
dysfunction, apoptosis and autophagy [29, 30].

The detection of MPs in urine in human studies sug-
gests that this matrix may reflect internal exposure [23].

Our study focused on small-sized particles (MPs < 10
um), as smaller particles have been reported in the liter-
ature to potentially cross biological barriers [2, 35]. The
concentrations observed in our study appear higher than
those reported in previous studies; however, such differ-
ences must be interpreted cautiously, given the substan-
tial methodological heterogeneity across studies which
have documented urinary MP concentrations in chil-
dren’s populations [6, 34, 38, 39]. For instance, Song et al.
[38] analyzed urinary MPs using a dual approach com-
bining Py GC/MS and LDIR. Using LDIR, the authors
reported a mean (SD) total MP concentration of 15.17
(23.13) particles/kg in urine samples from 12 healthy
volunteers, including six children aged 3 to 12. Dong et
al. [6] quantified urinary MPs in 1000 primary school
children aged 6-9 years using optical microscopy, with
polymer confirmation by pRaman, reporting a median
urinary total MP concentration of 9 particles/100 ml. In
adult populations, studies employing advanced spectro-
scopic methods (UWFTIR and SEM EDS) have detected
mean urinary MP concentrations of 2,589 + 2,931 MP/L
in healthy donors and 4,724 + 9,710 MP/L in individuals
with endometriosis [36]. Studies analyzing both urinary
and renal matrices have also reported the presence of
MPs in adults. Massardo et al. [25], for example, detected
particles measuring 3—13 pum in urine and up to 29 pm in
kidney tissue.

Our analysis of the polymer composition of total uri-
nary plastic particles (as £MPs < 10 pum + MPs > 10
pum) in children identified PE and PP as the most preva-
lent polymers. These findings are consistent with those
reported by Rotchell et al. [36], who identified PE (27%),
PS (16%), and PP (12%) as the most abundant polymers
in urine samples of healthy adults, using uFTIR spectros-
copy. Similarly, Song et al. [38] reported PE as the most
common polymer detected in urine by Py-GC/MS, with
PP identified in a smaller number of samples.

It should be noted that in our study, the concentrations
obtained by SEM—-EDX analysis refer only to particles
smaller than 10 pm, whereas the polymer amounts deter-
mined by Py-GC/MS reflect the total content of each
polymer in the sample, including both smaller and larger
particles. Taken together, these two analytical approaches
provide complementary but non-interchangeable infor-
mation on urinary MP presence and cannot be directly
integrated for quantitative interpretation, with Py-GC/
MS reflecting total polymer mass and SEM/EDX captur-
ing particle number and size distribution of MPs < 10 pm.
For this reason, quantitative comparisons are not directly
possible. The relatively higher value obtained by Py-GC/
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Fig. 2 Distribution of MPs <10 um levels across BMI categories (normal, overweight, obese) for the study population
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MS is in line with differences reported in the literature,
where values vary considerably depending on the analyti-
cal methodology employed [52]. In addition, differences
in analytical sensitivity among polymers should be con-
sidered when interpreting low-abundance compounds.
These differences should therefore be interpreted in light
of methodological heterogeneity across studies. For the
same reasons, comparisons with values reported in other

studies should be considered descriptive rather than
quantitative.

Previous studies have quantified children’s potential
exposure to MPs from dietary sources, reporting a wide
range of estimated daily intakes depending on food type
and analytical methods, reflecting the substantial vari-
ability described in the literature [32, 58]; Mohamed [11,
31]. Identifying the source of exposure would require
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detailed information on the child’s daily activities, as vari-
ous factors may contribute, such as ingestion or handling
of plastics, proximity to vehicular traffic and inhalation
of tire wear-derived MPs, mouthing of plastic objects, or
consumption of food and beverages packaged in plastic
[3]. However, both variability in exposure sources and
differences in analytical approaches across studies may
substantially influence reported concentrations, and the
wide dispersion observed in urinary MP < 10 um levels
may reflect a combination of true inter-individual differ-
ences in exposure, absorption, and physiological elimina-
tion, together with the intrinsic variability of quantifying
small particles in complex biological matrices. In par-
ticular, the inclusion or exclusion of the sub-10 pm frac-
tion varies widely depending on filter pore size, detection
thresholds, and instrumental sensitivity. Moreover, the
lack of universally standardized protocols for MP quan-
tification in human samples is a recognized challenge
in this emerging field, and interlaboratory differences
in sample preparation, instrumental settings, and data
processing may affect comparability [4]. Similar ana-
lytical and sampling challenges have been reported in a
recent human urine biomonitoring study, highlighting
the methodological complexity of MP assessment [36]. In
this context, our patented method, which does not rely
on size-selective filtration, allows the detection of parti-
cles within the sub-10 pm range, a size fraction that may
not be assessed in all analytical workflows depending
on their operational settings and detection thresholds,
contributing to differences in reported concentrations.
Finally, while analytical techniques may be theoretically
capable of detecting very small particles, their effec-
tive detection capability in complex biological matrices
depends on operational factors such as background sig-
nal and sample handling. Taken together, these method-
ological differences constrain direct comparability with
previous studies. Cross-study comparisons should there-
fore be interpreted with caution.

Beyond highlighting exposure to MNPs in children,
our findings showed descriptive differences in urinary
MP < 10 um concentrations across BMI-for-age catego-
ries, although these were not supported by statistical sig-
nificance. BMI was included as a descriptive variable in
light of emerging evidence suggesting that MPs may act
as metabolism-disrupting chemicals and potential obe-
sogens, influencing adipocyte differentiation and adi-
pose tissue homeostasis [16, 27, 29, 54]. The direct link
between BMI and MPs < 10 pum has received limited
attention in the literature, and no primary studies have
yet quantified MP exposure in relation to BMI, particu-
larly in pediatric populations. However, a similar weak
trend between BMI and MP < 10 pm concentration has
already been observed in the ovarian follicular fluid of
adult women, as reported for the first time by Montano
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et al. [28]. Variability in internal MP < 10 um burden
may also reflect differences in dietary patterns and life-
style-related exposure routes, which have been identified
as relevant determinants of human MP exposure [57]. In
our study, overweight and obese children showed higher
median MNP concentrations, however, given the small
number of participants within categories, particularly
the obese group, these differences should be interpreted
as descriptive only and not indicative of an association.
Such variability across BMI-for-age categories may reflect
unmeasured sources of variability and cannot be inter-
preted as evidence of underlying exposure or physiologi-
cal mechanisms. Nonetheless, it is important to note that
evidence on this topic remains scarce and fragmented, as
no large-scale prospective studies have yet explored this
relationship in children; most available data derive from
small observational studies or animal models (Zheng et
al. 2023; Jeong et al. 2024; [54]. The weak correlations
observed between standardized BMI and MNP metrics
are consistent with the limited statistical power of the
study and should therefore be interpreted descriptively.

In contrast, while hand-to-mouth behavior is con-
sidered a relevant exposure pathway to environmental
contaminants in childhood [43], our study did not iden-
tify statistically significant differences in urinary MP <
10 pm concentrations between children who did and
did not exhibit this behavior. Hand-to-mouth behavior
was assessed using a single observational indicator, pro-
viding a general but not detailed measure of this behav-
ior. Recent reviews highlight that diet, particularly the
consumption of water, beverages, and foods packaged
in plastic, remains the main source of exposure [5, 37],
likely outweighing the effects of behavioral factors such
as mouthing. Differences in MNP size between behav-
ioral groups were also not statistically significant. Given
the limited sample size and the exploratory design, these
observations should be considered descriptive and not
interpreted as evidence of an exposure pathway. The
presence of smaller MPs in urine is noteworthy, as this
size fraction has been highlighted in the literature as
potentially interacting differently with biological systems,
particularly due to their surface properties and biopersis-
tence [20, 35, 47].

Studies on children’s exposures to MPs and NPs remain
limited, and additional human data are needed. The lack
of large epidemiological studies directly relating BMI,
dietary or behavioral habits, and MP burden in children
represents a major gap in current knowledge. Our find-
ings highlight the value of future research simultaneously
assessing diet, lifestyle, behavioral factors, and sources of
MP exposure, in order to clarify the determinants of MP
variability in pediatric populations.
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Limitations

This study has some limitations that should be consid-
ered when interpreting the findings. The sample size
was modest, particularly within BMI-for-age categories,
which naturally reduces the statistical power of subgroup
comparisons and limits the generalizability of the find-
ings. In addition, the analysis relied on a single urine
sample per child, a common approach in exploratory
studies, although it does not capture potential day-to-day
variability in MP excretion. The lack of fully standard-
ized analytical protocols for MP quantification remains
a recognized challenge in MP research, potentially con-
tributing to variability across studies and limiting the
comparability of results. The urine samples analyzed in
this study were originally collected within the ORGAN-
IKO LIFE+ project, which was not specifically designed
for MNPs biomonitoring. Information on dietary habits,
environmental exposures, and household characteristics
was not available, limiting the ability to explore poten-
tial sources of exposure. While this secondary use may
limit the availability of detailed exposure information, the
samples still allow an initial characterization of children’s
internal MNP burden within this population. Finally,
the analytical method focused on MPs<10 pm may
limit direct quantitative comparisons with other studies
assessing a broader particle size range. These consider-
ations reflect typical constraints of early-stage research
in this field and highlight the need for larger, longitudinal

studies with more comprehensive exposure assessment.

Conclusions

This exploratory study provides first evidence of MPs in
the urine of primary school children residing in Cyprus,
consistent with internal exposure pathways. By applying
a patented analytical method capable of detecting par-
ticles<10 um and combining SEM/EDX with Py-GC/
MS, the study identified both the concentration and poly-
meric composition of urinary MPs, with polyethylene
and polypropylene emerging as the predominant poly-
mers. Although the small sample size and the descrip-
tive nature of the analyses limit the interpretability of
subgroup differences, the findings highlight measurable
variability in urinary MP levels among children. These
results should be interpreted cautiously, as they require
confirmation in larger pediatric cohorts. Future stud-
ies with expanded sample sizes, longitudinal sampling,
and harmonized exposure assessment will be essential
to determine whether the patterns observed here reflect
consistent population-level trends or sample-specific
variability, as well as to comprehensively characterize
exposure patterns and their potential health implications
in pediatric populations.

Page 10 of 12

Supplementary Information
The online version contains supplementary material available at https://doi.or
9/10.1186/512989-026-00694-5.

[ Supplementary Material 1. J

Acknowledgements
We would like to thank the ORGANIKO LIFE+ study participants.

Declarations of generative Al and Al-assisted technologies in the
manuscript preparation process

During the preparation of this work, the authors used Al tools to improve
language clarity, stylistic consistency, and formatting. After using this tool,
the authors reviewed and edited the content as needed and take full
responsibility for the content of the published article.

Author contributions

M.C.: data curation, formal analysis, investigation, writing- original draft;

PR.: data curation, formal analysis, investigation, writing- original draft;

G.0.C.: Conceptualization, investigation, methodology, writing- review and
editing; S.C.C.: investigation, writing- review and editing; PM.P: investigation,
writing- review and editing; M.F.: Conceptualization, supervision, visualization,
and writing- review and editing; K.C.M: Conceptualization, supervision,
visualization, and writing- review and editing.

Funding
This Study was partially funded by the Department of Medical, Surgical and
Advanced Technologies “G.F. Ingrassia” of Catania University.

Data availability
The datasets generated and/or analyzed during the current study are available
from the corresponding author on reasonable request.

Declarations

Competing interests
The authors declare no competing interests.

Received: 23 March 2026 / Accepted: 25 June 2026
Published online: 03 July 2026

References

1. Boucard P, Denize C, Aydin M. Microplastic releases in the European Union
(Eionet Report — ETC HE 2024/15). European Topic Centre on Human Health
and the Environment. 2024. https://www.eionet.europa.eu/etcs/etc-he/prod
ucts/etc-he-products/etc-he-reports/etc-he-report-2024-15-microplastic-rele
ases-in-the-european-union/@@download/file/ETC-HE%20Report%202024-1
5_task3141Report_v4.10_FINAL_for%20publication%2031-01-2024.pdf

2. Casella C, Cornelli U, Ballaz S, Zanoni G, Merlo G, Ramos-Guerrero L. Plastic
Smell: A Review of the Hidden Threat of Airborne Micro and Nanoplastics to
Human Health and the Environment. Toxics. 2025;13(5):387. https://doi.org/1
0.3390/toxics13050387.

3. Chia RW, Atem NV, Lee JY, Cha J. Microplastic and human health with focus
on pediatric well-being: a comprehensive review and call for future studies.
Clin Exp Pediatr. 2025;68(1):1-15. https://doi.org/10.3345/cep.2023.01739.

4. Cornelli U, Casella C, Belcaro G, Cesarone MR, Marucci S, Rondanelli M,
Recchia M, Zanoni G. Definition of emerging microplastic syndrome based
on clinical and epidemiological evidence: a narrative review. Microplastics.
2025;4(4):93. https://doi.org/10.3390/microplastics4040093.

5. Cox KD, Covernton GA, Davies HL, Dower JF, Juanes F, Dudas SE. Human
consumption of microplastics. Environ Sci Technol. 2019;53(12):7068-74. http
s;//doi.org/10.1021/acs.est.9b01517.

6. DonglL, LiX Zhang, Liu B, Zhang X, Yang L. Urinary microplastic contami-
nants in primary school children: Associations with behavioral development.
Ecotoxicol Environ Saf. 2025;295:118097. https://doi.org/10.1016/j.ecoenv.202
5.118097.


https://doi.org/10.1186/s12989-026-00694-5
https://doi.org/10.1186/s12989-026-00694-5
https://www.eionet.europa.eu/etcs/etc-he/products/etc-he-products/etc-he-reports/etc-he-report-2024-15-microplastic-releases-in-the-european-union/@@download/file/ETC-HE%20Report%202024-15_task3141Report_v4.10_FINAL_for%20publication%2031-01-2024.pdf
https://www.eionet.europa.eu/etcs/etc-he/products/etc-he-products/etc-he-reports/etc-he-report-2024-15-microplastic-releases-in-the-european-union/@@download/file/ETC-HE%20Report%202024-15_task3141Report_v4.10_FINAL_for%20publication%2031-01-2024.pdf
https://www.eionet.europa.eu/etcs/etc-he/products/etc-he-products/etc-he-reports/etc-he-report-2024-15-microplastic-releases-in-the-european-union/@@download/file/ETC-HE%20Report%202024-15_task3141Report_v4.10_FINAL_for%20publication%2031-01-2024.pdf
https://www.eionet.europa.eu/etcs/etc-he/products/etc-he-products/etc-he-reports/etc-he-report-2024-15-microplastic-releases-in-the-european-union/@@download/file/ETC-HE%20Report%202024-15_task3141Report_v4.10_FINAL_for%20publication%2031-01-2024.pdf
https://doi.org/10.3390/toxics13050387
https://doi.org/10.3390/toxics13050387
https://doi.org/10.3345/cep.2023.01739
https://doi.org/10.3390/microplastics4040093
https://doi.org/10.1021/acs.est.9b01517
https://doi.org/10.1021/acs.est.9b01517
https://doi.org/10.1016/j.ecoenv.2025.118097
https://doi.org/10.1016/j.ecoenv.2025.118097

Castrogiovanni et al. Particle and Fibre Toxicology

20.

21.

22.

23.

24.

(2026) 23:42

European Commission. A European Strategy for Plastics in a Circular
Economy. Brussels: European Commission, Commission E. 2018. https://resea
rch-and-innovation.ec.europa.eu/research-area/environment/circular-econo
my/plastics-circular-economy_en

European Commission. Commission Regulation (EU) 2023/2055 of 17 Octo-
ber 2023 restricting microplastics intentionally added to products. Official
Journal of the European Union. 2023. https://single-market-economy.ec.euro
pa.eu/sectors/chemicals/reach/restrictions/commission-regulation-eu-20232
055-restriction-microplastics-intentionally-added-products_en

European Environment Agency (EEA). Impacts of microplastics on health. EEA
Report. Copenhagen: European Environment Agency. 2025. https://www.eea
.europa.eu/en/european-zero-pollution-dashboards/indicators/impacts-of-m
icroplastics-on-health-signal

Ferrante M, Oliveri Conti G, Zuccarello P. Patent method for the extraction
and determination of micro- and nano- plastics in organic and inorganic
matrix samples: An application on vegetals. MethodsX. 2020;7:100989. https./
/doi.org/10.1016/j.mex.2020.100989.

Ferrante M, Pietro Z, Allegui C, Maria F, Antonio C, Pulvirenti E, Favara C, Chiara
C, Grasso A, Omayma M, Gea OC, Banni M. Microplastics in fillets of Mediter-
ranean seafood. A risk assessment study. Environ Res. 2022;204(Pt C):112247.
https://doi.org/10.1016/j.envres.2021.112247.

Garcia-Munoz P, Robert D, Ruppert AM, Keller N. Microplastics (MPs) and
nanoplastics (NPs): introduction. Current developments in biotechnology
and bioengineering. Elsevier; 2023. pp. 1-32. https://doi.org/10.1016/B978-0-
323-99908-3.00013-0.

Grossule V, Oliveri Conti G, Rapisarda P, Pulvirenti E, Ferrante M, Lavagnolo
MC. Treatment of biowaste commingled with biodegradable bioplastic films
using Black Soldier Fly larvae: Generation and fate of micro-plastics. J Environ
Manage. 2024;370:122768. https://doi.org/10.1016/jjenvman.2024.122768.
Hauptman M, Woolf AD. Childhood Ingestions of Environmental Toxins: What
Are the Risks? Pediatr Ann. 2017;46(12):e466-71. https://doi.org/10.3928/193
82359-20171116-01.

Jahedi F, Haghighi Fard NJ, Ahmadi M, Takdastan A, Shoushtari MH, Dehbandi
R, Turner A. Microplastics in urine, sputum and lung lavage fluid from patients
with respiratory illnesses. Environ Res. 2025;274:121278. https://doi.org/10.10
16/j.envres.2025.121278.

Janikowska A, Nowak D. Obesogens in food as a health risk for obesity.
Kwartalnik Naukowy Fides et Ratio. 2025;64(4):73-80. https://doi.org/10.3476
6/3n5wdn78.

Kannan K, Vimalkumar K. A Review of Human Exposure to Microplastics and
Insights Into Microplastics as Obesogens. Front Endocrinol. 2021;12:724989.
https://doi.org/10.3389/fendo.2021.724989.

Krikech I, Oliveri Conti G, Pulvirenti E, Rapisarda P, Castrogiovanni M, Maisano
M, Le Pennec G, Leermakers M, Ferrante M, Cappello T, Ezziyyani M. Micro-
plastics (< 10 pm) bioaccumulation in marine sponges along the Moroccan
Mediterranean coast: Insights into species-specific distribution and potential
bioindication. Environ Res. 2023;235:116608. https://doi.org/10.1016/j.envres.
2023.116608.

Landrigan PJ, Raps H, Cropper M, Bald C, Brunner M, Canonizado EM, Charles
D, Chiles TC, Donohue MJ, Enck J, Fenichel P et al. The Minderoo-Monaco
Commission on Plastics and Human Health. Annals of Global Health.
2023;89(1):23. https://doi.org/10.5334/aogh.4056. Erratum in: Annals of
Global Health. 2023;89(1):71. doi:10.5334/a0gh.4331.

Leslie HA, van Velzen MJM, Brandsma SH, Vethaak AD, Garcia-Vallejo JJ, Lam-
oree MH. Discovery and quantification of plastic particle pollution in human
blood. Environ Int. 2022;163:107199. https://doi.org/10.1016/j.envint.2022.10
7199.

LiN,Yang H, Dong Y, Wei B, Liang L, Yun X, Tian J, Zheng Y, Duan S, Zhang

L. Prevalence and implications of microplastic contaminants in general
human seminal fluid: A Raman spectroscopic study. Sci Total Environ.
2024;937:173522. https;//doi.org/10.1016/j.scitotenv.2024.173522.
Liu'S,Wang C,Yang Y, Du Z, Li L, Zhang M, Ni S, Yue Z, Yang K, Wang Y, Li X,
Yang Y, QinY, LiJ, Yang Y, Zhang M. Microplastics in three types of human
arteries detected by pyrolysis-gas chromatography/mass spectrometry (Py-
GC/MS). J Hazard Mater. 2024;469:133855. https://doi.org/10.1016/jjhazmat.2
024.133855.

Ma Z, Chu D, Zhang Y, Liu M, Yang X, Yu Y. A mixture analysis of urinary micro-
plastic levels and risk of gestational diabetes. Environ Int. 2026;207:109928.
https://doi.org/10.1016/j.envint.2025.109928.

Makris KC, Konstantinou C, Andrianou XD, Charisiadis P, Kyriacou A,

Gribble MO, Christophi CA. A cluster-randomized crossover trial of organic
diet impact on biomarkers of exposure to pesticides and biomarkers

25.

26.

27.

28.

29.

30.

31

32

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Page 11 of 12

of oxidative stress/inflammation in primary school children. PLoS ONE.
2019;14(9):0219420. https://doi.org/10.1371/journal.pone.0219420.
Massardo S, Verzola D, Alberti S, Caboni C, Santostefano M, Eugenio Verrina E,
Angeletti A, Lugani F, Ghiggeri GM, Bruschi M, Candiano G, Rumeo N, Gentile
M, Cravedi P, La Maestra S, Zaza G, Stallone G, Esposito P, Viazzi F, Mancianti

N, La Porta E, Artini C. MicroRaman spectroscopy detects the presence of
microplastics in human urine and kidney tissue. Environ Int. 2024;184:108444.
https://doi.org/10.1016/j.envint.2024.108444.

Mielech A, Puscion-Jakubik A, Socha K. Assessment of the Risk of Contamina-
tion of Food for Infants and Toddlers. Nutrients. 2021;13(7):2358. https://doi.or
9/10.3390/nu13072358.

Mohajer N, Du CY, Checkcinco C, Blumberg B. Obesogens: How They Are
|dentified and Molecular Mechanisms Underlying Their Action. Front Endocri-
nol (Lausanne). 2021;12:780888. https://doi.org/10.3389/fendo.2021.780888.
Montano L, Raimondo S, Piscopo M, Ricciardi M, Guglielmino A, Chamayou

S, Gentile R, Gentile M, Rapisarda P, Oliveri Conti G, Ferrante M, Motta O. First
evidence of microplastics in human ovarian follicular fluid: An emerging
threat to female fertility. Ecotoxicol Environ Saf. 2025;291:117868. https://doi.
org/10.1016/j.ecoenv.2025.117868.

Najahi H, Alessio N, Squillaro T, Conti GO, Ferrante M, Di Bernardo G, Galderisi
U, Messaoudi I, Minucci S, Banni M. Environmental microplastics (EMPs) expo-
sure alter the differentiation potential of mesenchymal stromal cells. Environ
Res. 2022,214(Pt 4):114088. https://doi.org/10.1016/j.envres.2022.114088.
Najahi H, Alessio N, Venditti M, Lettiero |, Aprile D, Oliveri Conti G, Cappello

T, Di Bernardo G, Galderisi U, Minucci S, Ferrante M, Banni M. Impact of
environmental microplastic exposure on HepG2 cells: unraveling prolifera-
tion, mitochondrial dynamics and autophagy activation. Part Fibre Toxicol.
2025;22(1):17. https://doi.org/10.1186/512989-025-00632-x.

Nor NHM, Kooi M, Diepens NJ, Koelmans AA. Lifetime Accumulation of Micro-
plastic in Children and Adults. Environ Sci Technol. 2021;55(8):5084-96.
Oliveri Conti G, Ferrante M, Banni M, Favara C, Nicolosi |, Cristaldi A, Fiore

M, Zuccarello P Micro- and nano-plastics in edible fruit and vegetables.

The first diet risks assessment for the general population. Environ Res.
2020;187:109677. https://doi.org/10.1016/j.envres.2020.109677.
Pettoello-Mantovani M, Bali D, Giardino |, Pop TL, Sevketoglu E, Konstantinidis
G, Pastore M, Vural M. The Risk from Widespread Micro- and Nano-Plastic
Contamination on a Global Scale and the Threat to Children’s Health. J Pedi-
atr. 2025,280:114512. Epub 2025 Feb 15. PMID: 39961376.

Pironti C, Notarstefano V, Ricciardi M, Motta O, Giorgini E, Montano L. First Evi-
dence of Microplastics in Human Urine, a Preliminary Study of Intake in the
Human Body. Toxics. 2022;11(1):40. https://doi.org/10.3390/toxics11010040.
Prata P J C. Microplastics and human health: Integrating pharmacokinetics.
Crit Rev Environ Sci Technol. 2023;53(16):1489-511. https://doi.org/10.1080/1
0643389.2023.2195798.

Rotchell JM, Austin C, Chapman E, Atherall CA, Liddle CR, Dunstan TS, Black-
burn B, Mead A, Filart K, Beeby E, Cunningham K, Allen J, Draper H, Guinn BA.
Microplastics in human urine: Characterisation using uFTIR and sampling
challenges using healthy donors and endometriosis participants. Ecotoxicol
Environ Saf. 2024;274:116208. https://doi.org/10.1016/j.ecoenv.2024.116208.
Senathirajah K, Attwood S, Bhagwat G, Carbery M, Wilson S, Palanisami T.
Estimation of the mass of microplastics ingested — A pivotal first step towards
human health risk assessment. Environ Int. 2021;149:106274. https://doi.org/
10.1016/j.envint.2020.106274.

Song X, ChenT, Chen Z,Du L, Qiu X, Zhang Y, Li Y, Zhu Y, Tan Z, Mo Y, Feng X.
Micro(nano)plastics in human urine: A surprising contrast between Chongg-
ing’s urban and rural regions. Sci Total Environ. 2024;917:170455. https://doi.o
rg/10.1016/j.scitotenv.2024.170455.

Sripada K, Wierzbicka A, Abass K, Grimalt JO, Erbe A, Rollin HB, Weihe P,

Diaz GJ, Singh RR, Visnes T, Rautio A, Odland J&, Wagner M. A Children'’s
Health Perspective on Nano- and Microplastics. Environ Health Perspect.
2022;130(1):15001. https://doi.org/10.1289/EHP9086.

Suman TY, Rajendiran K, Kwak IS. Microplastics and nanoplastics in human
health: a comprehensive review of exposure pathways, cellular mechanisms,
and toxicological implications. Arch Toxicol. 2025;1-26. https://doi.org/10.100
7/500204-025-04233-7.

Tan RY, She QY, Ma YC, Liu MH, Li LJ, Huang LL, et al. The threat of micro-
plastics to human kidney health: Mechanisms of nephrotoxicity and future
research directions. Environ Res. 2025,283:122124. https://doi.org/10.1016/j.e
nvres.2025.122124.

Tsuge S, Ohtani H, Watanabe C, Pyrolysis. -GC/MS Data Book of Synthetic
Polymers: Pyrograms, Thermograms and MS of Pyrolyzates. 1st ed. Amster-
dam: Elsevier; 2011. ISBN: 9780444538925.


https://research-and-innovation.ec.europa.eu/research-area/environment/circular-economy/plastics-circular-economy_en
https://research-and-innovation.ec.europa.eu/research-area/environment/circular-economy/plastics-circular-economy_en
https://research-and-innovation.ec.europa.eu/research-area/environment/circular-economy/plastics-circular-economy_en
https://single-market-economy.ec.europa.eu/sectors/chemicals/reach/restrictions/commission-regulation-eu-20232055-restriction-microplastics-intentionally-added-products_en
https://single-market-economy.ec.europa.eu/sectors/chemicals/reach/restrictions/commission-regulation-eu-20232055-restriction-microplastics-intentionally-added-products_en
https://single-market-economy.ec.europa.eu/sectors/chemicals/reach/restrictions/commission-regulation-eu-20232055-restriction-microplastics-intentionally-added-products_en
https://www.eea.europa.eu/en/european-zero-pollution-dashboards/indicators/impacts-of-microplastics-on-health-signal
https://www.eea.europa.eu/en/european-zero-pollution-dashboards/indicators/impacts-of-microplastics-on-health-signal
https://www.eea.europa.eu/en/european-zero-pollution-dashboards/indicators/impacts-of-microplastics-on-health-signal
https://doi.org/10.1016/j.mex.2020.100989
https://doi.org/10.1016/j.mex.2020.100989
https://doi.org/10.1016/j.envres.2021.112247
https://doi.org/10.1016/B978-0-323-99908-3.00013-0
https://doi.org/10.1016/B978-0-323-99908-3.00013-0
https://doi.org/10.1016/j.jenvman.2024.122768
https://doi.org/10.3928/19382359-20171116-01
https://doi.org/10.3928/19382359-20171116-01
https://doi.org/10.1016/j.envres.2025.121278
https://doi.org/10.1016/j.envres.2025.121278
https://doi.org/10.34766/3n5wdn78
https://doi.org/10.34766/3n5wdn78
https://doi.org/10.3389/fendo.2021.724989
https://doi.org/10.1016/j.envres.2023.116608
https://doi.org/10.1016/j.envres.2023.116608
https://doi.org/10.5334/aogh.4056
https://doi.org/10.1016/j.envint.2022.107199
https://doi.org/10.1016/j.envint.2022.107199
https://doi.org/10.1016/j.scitotenv.2024.173522
https://doi.org/10.1016/j.jhazmat.2024.133855
https://doi.org/10.1016/j.jhazmat.2024.133855
https://doi.org/10.1016/j.envint.2025.109928
https://doi.org/10.1371/journal.pone.0219420
https://doi.org/10.1016/j.envint.2024.108444
https://doi.org/10.3390/nu13072358
https://doi.org/10.3390/nu13072358
https://doi.org/10.3389/fendo.2021.780888
https://doi.org/10.1016/j.ecoenv.2025.117868
https://doi.org/10.1016/j.ecoenv.2025.117868
https://doi.org/10.1016/j.envres.2022.114088
https://doi.org/10.1186/s12989-025-00632-x
https://doi.org/10.1016/j.envres.2020.109677
https://doi.org/10.3390/toxics11010040
https://doi.org/10.1080/10643389.2023.2195798
https://doi.org/10.1080/10643389.2023.2195798
https://doi.org/10.1016/j.ecoenv.2024.116208
https://doi.org/10.1016/j.envint.2020.106274
https://doi.org/10.1016/j.envint.2020.106274
https://doi.org/10.1016/j.scitotenv.2024.170455
https://doi.org/10.1016/j.scitotenv.2024.170455
https://doi.org/10.1289/EHP9086
https://doi.org/10.1007/s00204-025-04233-7
https://doi.org/10.1007/s00204-025-04233-7
https://doi.org/10.1016/j.envres.2025.122124
https://doi.org/10.1016/j.envres.2025.122124

Castrogiovanni et al. Particle and Fibre Toxicology

43,
44,

45.

46.

47.

48.

49.

50.

52.

(2026) 23:42

Vethaak AD, Legler J. Microplastics and human health. Science.
2021,371(6530):672-4. https://doi.org/10.1126/science.abe5041.

World Health Organization (WHO). Microplastics in drinking-water. Geneva:
WHO. 2019. https//www.who.int/publications/i/item/9789241516198
World Health Organization. Don't pollute my future! The impact of the
environment on children’s health. Geneva: World Health Organization; 2017.
WHO/FWC/IHE/17.01.

World Health Organization. WHO child growth standards: BMI-for-age (5-19
years). Geneva: World Health Organization. 2007. Available from: https://www
who.int/tools/growth-reference-data-for-5to19-years

Wright SL, Kelly FJ. Plastic and Human Health: A Micro Issue? Environ Sci
Technol. 2017;51(12):6634-47. https://doi.org/10.1021/acs.est.7b00423.

Yang Y, Xie E, Du Z, Peng Z, Han Z, Li L, Zhao R, Qin Y, Xue M, Li F, Hua K, Yang
X. Detection of Various Microplastics in Patients Undergoing Cardiac Surgery.
Environ SciTechnol. 2023;57(30):10911-8. . https://doi.org/10.1021/acs.est.2c
07179

Yang Z, Wang M, Feng Z, Wang Z, Lv M, Chang J, et al. Human microplastics
exposure and potential health risks to target organs by different routes: a
review. Curr Pollut Rep. 2023,9(3):468-85. . https://doi.org/10.1007/540726-02
3-00273-8

Yates J, Kadiyala S, Deeney M, Carriedo A, Gillespie S, Heindel JJ, Maffini MV,
Martin O, Monteiro CA, Scheringer M, Touvier M, Muncke J. A toxic relation-
ship: ultra-processed foods & plastics. Global Health. 2024;20(1):74. https://doi
.0rg/10.1186/512992-024-01078-0.

Zhang D,Wu C, LiuY, LiW, Li S, Peng L, Kang L, Ullah S, Gong Z, Li Z, Ding D,
Jin Z,Huang H. Microplastics are detected in human gallstones and have
the ability to form large cholesterol-microplastic heteroaggregates. J Hazard
Mater. 2024;467:133631. https://doi.org/10.1016/jjhazmat.2024.133631.
Zhang L, Tian J, Zhu X, Wang L, Yun X, Liang L, Duan S. Cross-platform detec-
tion of microplastics in human biological tissues: comparing spectroscopic
and chromatographic approaches. J Hazard Mater. 2025,492:138133. https://
doi.org/10.1016/jjhazmat.2025.138133.

53.

54.

55.

56.

57.

58.

Page 12 of 12

Zhao B, Rehati P, Yang Z, Cai Z, Guo C, Li Y. The potential toxicity of microplas-
tics on human health. Sci Total Environ. 2024;912:168946. https://doi.org/10.1
016/j.scitotenv.2023.168946.

Zhao J, Adiele N, Gomes D, Malovichko M, Conklin DJ, Ekuban A, Luo J,
Gripshover T, Watson WH, Banerjee M, Smith ML, Rouchka EC, Xu R, Zhang

X, Gondim DD, Cave MC, O'Toole TE. Obesogenic polystyrene microplastic
exposures disrupt the gut-liver-adipose axis. Toxicol Sci. 2024;198(2):210-20.
https://doi.org/10.1093/toxsci/kfae013.

Zheng D, Wang D, Zhang S, Liu Y, Xi Q, Weng Y. Impact of urinary microplas-
tic exposure on cognitive function in primary school children. Ecotoxicol
Environ Saf. 2025;302:118532. https://doi.org/10.1016/j.ecoenv.2025.118532.
Zhu L, Zhu J, Zuo R, Xu Q, Qian Y, An L. Identification of microplastics in
human placenta using laser direct infrared spectroscopy. Sci Total Environ.
2023;856(Pt 1):159060. https://doi.org/10.1016/j.scitotenv.2022.159060.

Zielli SO, Pascali JP, Mazzotti A, Fais P, Fini M, Faldini C, Pelotti S. Microplastics
and nanoplastics in human tissues: systematic review of evidence, analytical
protocols, and methodological challenges. Talanta Open. 2026;13:100615.
https://doi.org/10.1016/j.talo.2026.100615.

Zuccarello P, Ferrante M, Cristaldi A, Copat C, Grasso A, Sangregorio D, Fiore
M, Oliveri Conti G et al. Reply for comment on Exposure to microplastics
(<10 um) associated to plastic bottles mineral water consumption: The first
quantitative study by Zuccarello [Water Research 157 (2019) 365-371]. Water
Res. 2019;166:115077. https://doi.org/10.1016/j.watres.2019.115077

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.


https://doi.org/10.1126/science.abe5041
https://www.who.int/publications/i/item/9789241516198
https://www.who.int/tools/growth-reference-data-for-5to19-years
https://www.who.int/tools/growth-reference-data-for-5to19-years
https://doi.org/10.1021/acs.est.7b00423
https://doi.org/10.1021/acs.est.2c07179
https://doi.org/10.1021/acs.est.2c07179
https://doi.org/10.1007/s40726-023-00273-8
https://doi.org/10.1007/s40726-023-00273-8
https://doi.org/10.1186/s12992-024-01078-0
https://doi.org/10.1186/s12992-024-01078-0
https://doi.org/10.1016/j.jhazmat.2024.133631
https://doi.org/10.1016/j.jhazmat.2025.138133
https://doi.org/10.1016/j.jhazmat.2025.138133
https://doi.org/10.1016/j.scitotenv.2023.168946
https://doi.org/10.1016/j.scitotenv.2023.168946
https://doi.org/10.1093/toxsci/kfae013
https://doi.org/10.1016/j.ecoenv.2025.118532
https://doi.org/10.1016/j.scitotenv.2022.159060
https://doi.org/10.1016/j.talo.2026.100615
https://doi.org/10.1016/j.watres.2019.115077

	﻿Plastic signatures in childhood: first evidence of urinary micro- and nanoplastics in primary school children from Cyprus
	﻿Abstract
	﻿Background
	﻿Materials and methods
	﻿Setting, population and biospecimen sampling
	﻿Extraction and analysis of MNPs
	﻿Polymer identification by Py‑GC/MS
	﻿Microscopy and particle quantification
	﻿Statistical Methods

	﻿Results
	﻿Discussion
	﻿Limitations
	﻿Conclusions
	﻿References


