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Abstract

Quantification of micro- and nanoplastics (MNPs) in human samples is essential for accurately assessing human
exposure and understanding the potential health impacts of these pervasive pollutants. Blood plays a key role

in revealing potential MNPs exposure and its health impacts. The detection of MNPs in human blood, however,

is analytically challenging due to the complex composition of the sample and the limited availability of sensitive
analytical methods. Pyrolysis-gas chromatography-mass spectrometry (Py-GC-MS) using Selected lon Monitoring
(SIM) has been widely used to quantify MNPs in human blood. In this work the analytical approach was improved
by employing full scan data acquisition. The mass concentration of six polymers widely used in plastic materials

- poly(methyl methacrylate) (PMMA), polypropylene (PP), polystyrene (PS), polyethylene (PE), polyvinyl chloride
(PVC), and polyethylene terephthalate (PET) — was determined in 102 human whole blood samples. Rigorous QA/
QC measures were established which are essential for ensuring the reliability and accuracy of the method. Limits
of detection (LODs) ranged from 14 ng/mL (PP) to 245 ng/mL (PE). The recoveries of the quantitation compounds
ranged from 52 to 102%. MNPs were detected in all the samples investigated with PVC as the most frequently
detected polymer (99% of all samples). For 20% of samples, the concentration was above the limit of quantification
(LOQ) with an average total concentration of 386 ng/mL. The analysis of MNPs in human blood is relevant for
future research to understand the pathways of MNP absorption, accumulation, and potential health risks associated
with exposure to plastic pollutants. The use of full scan data acquisition enabled simultaneous ion monitoring
allowing for more careful selection of quantitation compounds and provides the potential for retrospective data
analysis.
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Introduction

Plastic pollution is a major environmental and health
challenge, with micro- and nanoplastics (MNPs) increas-
ingly detected in food, water, air and the human body
[1-3]. MNPs are defined as synthetic plastic particles
ranging from 5000 ym to 1 um (MPs) and smaller than 1
um (NPs) [4, 5]. They can originate from the mechanical,
UV, or biological degradation of larger plastics includ-
ing textiles or be produced intentionally for commercial
applications such as personal care products and paints
[6-8]. Their small size allows ingestion and inhalation
by organisms, enabling them to reach various organs and
tissues, where they may carry organic and inorganic pol-
lutants, potentially causing adverse health effects [9-11].
Recent in vivo and in vitro studies reported that MNPs
can cross the gastrointestinal barrier and cellular mem-
branes, triggering inflammatory responses and morpho-
logical changes in cells [12-14]. As a result, research
has moved towards biomonitoring and assessing human
exposure to MNPs, with studies reporting their pres-
ence in e.g., blood, lung tissue, placenta, and breast milk
[15-20]. Among these, blood is a particularly important
medium for assessing systemic exposure, as it reflects all
exposure routes and is relatively easily obtained.

Detecting MNPs in human blood poses significant ana-
lytical challenges due to its complex composition and the
diversity of polymers with varying physical and chemical
properties.

Analytical procedures reported in literature dealing
with the analysis of MNPs in human samples, includ-
ing blood, are highly heterogenous as this is a newly
emerging field. Sample pretreatments typically involve
enzymatic, acidic and/or alkaline digestion and filtra-
tion to remove the organic matrix [21]. Spectroscopic
techniques such as p-Fourier-transform infrared spec-
troscopy (H-FTIR) and p-Raman spectroscopy are widely
used for MNP identification and particle characterization
[22-25]. These methods rely on visualizing and counting
particles based on their chemical fingerprints. However,
their detection limits approach 1 um, making it chal-
lenging to identify smaller particles that are relevant in
the bloodstream [26, 27]. Furthermore, matrix interfer-
ences in blood can complicate analysis and visualization,
reducing method sensitivity and reliability [27]. In con-
trast, pyrolysis-gas chromatography-mass spectrometry
(Py-GC-MS) is increasingly being used for quantifying
total polymer content in complex matrices [28, 29]. By
breaking down plastics at high temperatures into volatile
marker compounds, Py-GC-MS enables polymer-specific
identification and quantification with higher sensitivity
and specificity. This technique can operate in both full-
scan and selected ion monitoring (SIM) modes, offering
flexibility depending on the analytical goals [30]. While
acquiring data in SIM mode enhances sensitivity for
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specific targets, full-scan data acquisition mode provides
library searchable full scan EI mass spectra of all com-
pounds present in the sample and can provide advantages
in MNPs analysis, as it offers a comprehensive over-
view of the pyrolysis products and the potential interac-
tions between polymers, matrix and targeted markers
[31]. Recently, Py-GC-MS has been used to quantify
polymers in various human biological samples, includ-
ing human blood, arteries, bone marrow, and placenta,
with reported concentrations ranging from 1.1 pg/mL
in blood to 126.8 pg/g in placenta [15, 16, 32—34]. One
reason for variability across studies can be the lack of
rigorous quality assurance and quality control (QA/QC)
measures, highlighting the importance of implementing
these practices to ensure data reliability and comparabil-
ity [35, 36]. Proper QA/QC protocols, such as performing
full method validation are essential to address potential
interferences from biological matrices and laboratory
contamination. These protocols include quality control
samples to confirm the reliability of the data and blank
sample analysis to assess contamination control [36].

In this study, Py-GC-MS was employed for quantitative
MNP analysis in human blood, building upon our previ-
ous work [15, 16]. The analytical method was improved
by utilizing a more advanced GC-MS system equipped
with a septum-free interface between the pyrolysis unit
and the GC column, enhancing the efficient transfer of
the pyrolysis products and improving analytical sen-
sitivity [37]. Full-scan data acquisition further facili-
tated comprehensive data analysis by providing library
searchable full scan EI mass spectra to explore the use
of new quantifiers for the polymers investigated. Strict
QA/QC measures were employed to avoid sample con-
tamination and assess the reliability of the method. The
improved method was employed for the analysis of six
different polymers, poly(methyl methacrylate) (PMMA),
polypropylene (PP), polystyrene (PS), polyethylene (PE),
polyvinyl chloride (PVC), and polyethylene terephthal-
ate (PET), in 102 whole blood samples from healthy
volunteers.

Materials and methods

Chemicals

Deionized water was filtered over a 47 mm diameter
and 0.7 um pore size grade GF/F glass microfiber filter
(Whatman, Maidstone, United Kingdom). The solvents
employed, ethanol, dichloromethane, tetrahydrofuran
from Biosolve, Valkenswaard (the Netherlands) were pre-
filtered through a 47 mm and 0.7 um GE/F filter before
use and stored in glass flasks. All the glassware and con-
tainers were cleaned with filtered water and covered with
aluminum foil prior to use. Trizbase, sodium dodecyl sul-
phate (SDS) and hydrochloric acid solution (36.5-38.0%)
were purchased from Sigma Aldrich and were used to
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prepare a 400 mM TRIS buffer solution (pH 8) with 0.5%
SDS. 30% hydrogen peroxide solution was purchased
by Sigma Aldrich. Standard PMMA (PMPMS-1.2)
and PE (CPMS-0.96) were purchased from Cospheric
(Santa Barbara, California, USA), PP (CAS: 9003-07-0),
PS (CAS: 9003-53-6) and PVC (CAS: 9002-86-2) from
Sigma- Aldrich (Schnelldorf, Germany), PET from Good-
fellow Cambridge Ltd., (United Kingdom) and poly(4-
fluoro)-styrene from Polymer Source (Quebec, Canada).

Blood samples

Whole blood was obtained from 102 participants in
the PIAMA (Prevention and Incidence of Asthma and
Mite Allergy) birth cohort [38]. All participants signed
an informed consent under the rules and legislation in
place within the Netherlands and maintained by the
Utrecht Medical Center Medical Ethical Committee
(METC protocol number 20-490/M). The blood was col-
lected according to the plastic-free sampling procedure
described our previous work [15, 16]. In brief, venipunc-
ture was performed to obtain whole blood, collected in
10 mL glass heparinized vacutainer tubes (BD Biosci-
ences, Plymouth, UK) and stored at -20 °C for 3 months
until analysis.

Standard polymer mixture preparation

The polymer standards were weighed on a micro-balance
(Sartorius, Gottingen, Germany - SD = 1 pug) in the range
of 2 to 6 mg and then transferred into a precleaned 22
mL stainless steel accelerated solvent extraction (ASE,
Themo Scientific, Waltham, USA) cell containing a deac-
tivated glass filter and sea sand deactivated in muffle
furnace (Nabertherm, Germany) for 1 h at 600 °C. The
polymers were extracted using dichloromethane as pre-
viously reported in the literature [16]. Seven calibration
levels were prepared and analyzed; details are reported
in Supplementary material (Table S1). Poly(4-fluoro)-sty-
rene was dissolved in filtered tetrahydrofuran and diluted
to 1.25 pg/mL. 20 uL of this solution was added to each
sample before the analysis.

Sample preparation

All the samples investigated were prepared according
to method previously reported and optimized by Brits
et al. with minor modifications [16]. The blood samples
were thawed and mixed in a roller bank (CAT RMS5,
Ziepperer, Germany) for 1 h at room temperature. The
blood sample (1 mL) was transferred and weighed into
a pre-rinsed head-space vial (Sigma-Aldrich, Saint Luis,
USA). 15 mL of the TRIS buffer solution containing 0.5%
sodium dodecyl sulphate was added to each sample. The
samples were then incubated in a shaking water bath for
1 h at 60 °C. After cooling at room temperature, 150 puL
of 10 mg/mL Proteinase K solution and 1 mL of 50 mM
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CaCl, solution were added. The samples were incubated
overnight for digestion at 50 °C. The digested samples
were heated at 60 °C for 20 min and then filtered over a
0.7 um GEF/F filter using a custom-made filtration system
[16]. After rinsing the vials and the filtration funnel with
water and ethanol, 5 mL of 30% H,0O, was added to the
filter to remove organic residues. All the samples were
successfully filtered without clogging, indicating that the
digestion was effective in minimizing organic material.
After a final rinsing with water and ethanol, the circle
with a diameter of 8 mm of the filter containing the ana-
lyte residues was punched out, using a precleaned 8 mm
metal punch. This part of the filter was folded and placed
in a pre-cleaned deactivated stainless-steel pyrolysis
cup (Ecocup, LF, Frontier Laboratories, Saikon, Japan).
The cups were stored at 50 °C overnight before Py-GC-
MS analysis. Finally, 25 ng of poly(4-fluoro)-styrene was
added to each cup as an injection standard. Table S2 in
the Supplementary material outlines all the method
modifications in comparison to Brits et al. [16].

Py-GC-MS analysis

The instrumentation consisted of a Multi-Shot Pyrolyzer
EGA/Py3030D micro-furnace fitted with an AS-1020E
Auto-Shot Sampler (Frontier Lab, Japan) coupled to a
Thermo Scientific Trace 1610 Gas Chromatograph (Inter
Science, The Netherlands). The GC was equipped with a
deactivated silica pre-column (1 m x 0.32 mm i.d.) and
a DB-5HT (30 m x 0.25 mm i.d. x 0.25 um d.f.) (Agilent
Technologies, The Netherlands) connected using a SilT-
ite MicroUnion (Restek, Germany). The GC oven pro-
gram was set at an initial temperature 40 °C for 2 min
and increased at 20 °C/min to 360 °C. Helium was used
as carrier gas with an initial flow rate of 3 mL/min, held
for 0.5 min, then decreased at a rate of 5 mL/min to 1.4
mL/min and held for the rest of the chromatographic
run. The detector was an ISQ 7610 SQMS (Inter Sci-
ence, The Netherlands) equipped with electron impact
ionisation and data were collected in full scan mode
from m/z 40 to 400 to measure at least 3 ions for each
pyrolysis product. The MS transfer line temperature was
set at 300 °C, the ion source temperature at 300 °C and
the ion optics temperature at 271 °C. The analyses were
performed in double shot mode. The thermal desorption
was conducted from 100 °C to 300 °C at a heating rate of
50 °C/min to remove the more volatile species, while the
pyrolysis was performed at 600 °C for 0.3 min. The pyrol-
ysis unit and the GC system had a septum-free connec-
tion as reported by Izzo et al. [37]. Briefly, the pyrolyzer
was adapted to function as a GC injector rather than a
sample introduction device. The split exit is at the base of
the heated pyrolyzer interface. This setup allows the col-
umn to bypass the GC inlet, which now acts as a heated
interface between the pyrolyzer and GC oven. The new
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split exit replaces the GC inlet’s standard split exit, with
the split flow controlled digitally through a separate GC
inlet system. The connection was heated with an auxil-
iary temperature of 300 °C. Table S2 in the Supplemen-
tary material outlines all the method modifications in
comparison to Brits et al. [16].

QA/QCs

To ensure method reliability, data integrity and accuracy
for all the analysis, rigorous QA/QC approaches were
implemented. To limit plastic contamination, cotton
laboratory coats were used and the use of plastic materi-
als was avoided. Sample handling and preparation were
performed in a laminar flow cabinet placed in a labora-
tory with restricted access. The laboratory was also fitted
with an additional dust collector system (DustBox 1000,
Gelsenkirchen, Germany). All solvents and reagents used
for sample preparation were filtered through 0.7 pm
GE/F filters. The filters were heated for 1 h in a muffle
furnace purged with nitrogen at 500 °C before use. All
the equipment and the laboratory surfaces were cleaned
with filtered water and covered with aluminum foil. The
pyrolysis cups employed for the analysis were heated in a
flame before use to remove potential contaminants.

For method validation, linearity, limits of detection
(LOD), limits of quantification (LOQ), accuracy and
reproducibility were assessed. Linearity was evaluated
by preparing calibration curves from a calibration stan-
dard mixture containing PMMA, PP, PS, PE, PVC and
PET. The calibration standard mixtures (n=7) were
analysed with each batch of blood samples. Before the
analysis the calibration standard mixture was sonicated
for 1 h. In each analytical batch, three procedural blanks
were processed, amounting to a total of 21 procedural
blanks. These procedural blanks were utilized to evaluate
the limits of detection (LOD) and quantification (LOQ)
of the method. The LODs and LOQs were calculated
as 3 and 10 times the standard deviation of the average
long-term procedural blank (average of all the proce-
dural blanks measured across all the batches). As there
is currently no Certified Reference Material for MNPs
in blood, quality control (QC) samples were prepared by
spiking a large volume of blood from a single donor with
known concentrations of the target polymers. The con-
centrations ranged from 93 ng/mL for PMMA to 533 ng/
mL for PET and are reported in Table S3 (Supplemen-
tary material). The QC samples were stored at -20 °C and
were employed to calculate the accuracy of the method
in terms of recoveries and the reproducibility. For each
batch of analysis, 7 calibration standards, 4 QC samples
(2 spiked and 2 unspiked) were processed along with 3
procedural blanks and 16 blood samples. For all the sam-
ples investigated, the concentrations obtained for each
polymer were blank-corrected by subtracting the average
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concentration values measured in the blank samples and
normalized using the mass of the 1 mL sample to exclude
any variation.

Results and discussion

Method validation

The methodology developed by Brits et al. [16] employed
SIM mode for the quantification of the 6 polymers due to
its sensitivity and selectivity. This strategy targets specific
analytes, increasing the S/N ratio in the chromatograms
but it limits the analysis to a pre-selected set of ions.
To obtain a more comprehensive data set, the method
was optimized by employing a full scan data acquisition
mode. This allowed for simultaneous monitoring of a
wider range of ions enabling the detection and evalua-
tion of different potential markers. The advantage of this
acquisition mode is that library searchable full scan EI
mass spectra are recorded. The choice of the quantitation
compounds is critical in MNP quantification by Py-GC-
MS in biological samples, in particular for PE and PVC,
since same pyrolysis products can have multiple origins
and matrix component can cause interferences. There-
fore, selecting inappropriate markers and performing
inadequate sample treatment can result in false positives
[39]. Recently, the thermal behavior of PE and PVC has
been explored also in mixture with blood, with multivari-
ate and machine-learning techniques used to identify the
most robust set of variables for their identification and
quantification while minimizing the impact of co-pyrol-
ysis and matrix effects [40]. For this reason, 1-eicosene
was selected for PE as it is known that triacyclglycerols
interfere with PE quantification when using short-chain
alkanes as quantitation compound [41, 42]. In addition,
1,2-dihydronaphthalene was chosen for PVC quantifi-
cation over the most commonly used naphthalene and
methyl-naphthalene [32, 34, 43]. These compounds are
reported as pyrolysis product of cholesterol and proteins
which can be encountered in biological samples leading
to data misinterpretation [44, 45]. The list of the pyrolysis
products employed for the identification and quantifica-
tion of the target polymers is reported in Table 1.

The analyses were carried out on a new Py-GC-MS sys-
tem involving a septum-free connection. The pyrolyzer is
typically connected to the GC split/splitless inlet using a
needle through a silicone septum. While this facilitates
rapid transfer and splits off excess pyrolysate, it can cause
issues such as sample loss, air introduction, silicone con-
tamination, and accelerated ageing of the septum and
column aging due to high temperatures [37]. The sep-
tum-free system enabled a reduction of the carrier gas
flow rate after the injection, from 3 mL/min to 1.4 mL/
min resulting in significant gas savings. Operating at 3
mL/min during the pyrolysis ensures optimal sensitivity
and efficient transfer of the pyrolysis products to the GC
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Table 1 Retention time (RT), quantifier (Q1) and qualifier ions
(Q2, Q3) for the pyrolysis products of PMMA, PP, PS, PE, PVC, PET,
and Poly (4-fluoro) styrene (IS)

Polymer Indicator compound RT m/z m/z m/z
(min) (Q1) (Q2) (Q3)
PMMA Methyl methacrylate 296 100 69 41

PP 2,4-Dimethyl-1-heptene
2,4,6,8-Tetramethyl-1-unde-
cene (isotactic)

PS 5-Hexene-1,3,5-triyltriben-
zene (styrene trimer)
3-Butene-1,3-diyldibenzene
(styrene dimer)

PE 1-Eicosene (C,oH,40)
1-Docosene (Cy,H,,)
1-Hexacosene (CysHs,)

423 126 83 70
806 111 125 97

1426 91 117 194
1077 91 130 208

1205 83 97 111
1301 83 97 1M
1467 83 97 111

PVC 1,2-Dihydronaphthalene 710 130 129 115
1-Methylnaphthalene 822 142 141 115
PET Benzoic acid 695 122 105 77
Benzophenone 1025 105 182 77
IS 4-fluorostyrene 448 122 121 96

The compounds in bold are used for quantitation. Markers not in bold are used
to confirm the presence of the Polymer

system. Reducing the flow rate after the pyrolysis prod-
ucts are transferred to the GC system is particularly ben-
eficial in routine analyses where large volumes of gas are
consumed, without compromising the performance of
the system.

250
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PMMA PP PS
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Page 5 of 10

The new system was evaluated by using QA/QC
samples spiked with known polymer amounts, and the
recoveries were compared to those reported by Brits et
al. [16]. For the septum-free connection Py-GC-MS sys-
tem, polymers were spiked at concentrations almost 10
times lower compared to the concentration used for the
conventional system, due to the increased sensitivity of
the mass spectrometer which allows accurate detection
at lower levels. The concentrations spiked for recovery
assessment in the two methods are reported in Table S2
(Supplementary material). Figure 1 shows the recovery
comparison between the two Py-GC-MS system [16].
The new system provides similar results demonstrating
that the method can be successfully transferred to the
septum-less Py-GC-MS, maintaining comparable perfor-
mance but measuring significantly lower concentrations
in full scan mode. All method modifications are reported
in Table S2 (Supplementary material).

The method was validated on the septum-free Py-GC-
MS system in full scan mode to quantify the 6 target
polymers in blood samples. The regression parameters
and range of linearity obtained for the calibration curves
used for quantification are listed in Table S1 (Supplemen-
tary material). Table 2 shows the LODs, LOQs, recov-
eries and repeatability calculated for the method. The
LODs and LOQs calculated from 21 long-term proce-
dural blanks range from 14 ng/mL for PP to 245 ng/mL
for PE and from 48 ng/mL for PP to 817 ng/mL for PE,
respectively. The blank control chart obtained for the six

PE PVC PET

1-hexadecene 1-methylnaphthalene benzoic acid

triyltribenzene (styrene

trimer)

m Py-GC-MS - conventional connection - SIM mode

m Py-GC-MS - septum-free connection - full scan mode

Fig. 1 Recovery comparison between a Py-GC-MS system with conventional connection operating in SIM mode (n=8) and a new Py-GC-MS system with
septum-free connection operating in full scan mode (n=3). Error bars represent standard deviation
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Table 2 Summary of the limit of detection (LOD) and limit of quantitation (LOQ) and recoveries (%) obtained for the quality control
samples (n=15) along with the respective relative standard deviation (%RSD)

QC recoveries (batch analysis) (n=15)

Polymer Quantitation compound LOD (ng/mL) LOQ (ng/mL) Percentage recovery (%RSD)
PMMA methyl methacrylate 49 163 82 (19)
PP 24-dimethyl-1-heptene 14 48 57 (14)
PS 5-hexene-1,3,5-triyltribenzene 52 175 102 (44)
PE 1-eicosene 245 817 86 (30)
PVC 1,2-dihydronaphthalene 120 401 82 (28)
PET benzoic acid 79 265 91 (28)
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Fig. 2 Concentration in ng/mL for PMMA, PP, PS, PE, PVC and PET in blood samples. The red solid lines denote the limit of detection (LOD), while the red
dashed lines indicate the limit of quantification (LOQ) for each analyte. The concentrations for each polymer were blank-corrected

polymers investigated is depicted in Figure S1 of the Sup-
plementary material. The recoveries and reproducibility
were obtained from the analysis of QA/QCs samples in 7
batches. The recoveries ranged from 52 to 102% and the
%RSDs from 14 to 44%. Compared to our previous report
by Brits et al. [16], the analytical method demonstrated
improved sensitivity for polypropylene (PP) and polyvi-
nyl chloride (PVC), resulting in lower LODs and LOQs,
while maintaining consistent recoveries.

Blood analysis
The 6 target polymers were quantified in 102 human
blood samples. The concentrations obtained for each
polymer are depicted in Fig. 2. The individual results are
presented in Table S5 of the Supplementary material.
Plastic polymers were detected in all 102 samples
investigated, and in 20% of the samples the concentra-
tion of at least one polymer was above the LOQ. Among
these, PVC was the most frequently detected (99% of
samples above LOD and 14 samples above LOQ). The

concentrations of PVC above the LOQ range from 413
ng/mL to 827 ng/mL with an average of 494 + 109 ng/
mL. PET was detected between LOD and LOQ in 32
samples, but in none of the samples above the LOQ. PP
was above LOD in 14 samples and above LOQ in 5 sam-
ples ranging from 51 ng/mL to 133 ng/mL. The detection
frequency for other polymers was lower than 10%, with
PS detected in 9 samples but not quantifiable, PMMA
detected in 3 samples, including one above LOQ, and PE
was not detected. In our previous report [16] and other
studies quantifying MNPs in biological samples, PE and
PVC were the most detected plastics [33, 34, 43, 46].
Although matrix effects have been reported for these
polymers by Rauert et al. [39] using similar sample prepa-
ration, our approach ensures effective matrix removal
by using optimal enzyme and stabilizer concentrations.
This is demonstrated by the high recovery rates suggest-
ing limited matrix interferences. In addition, all poly-
mer markers chosen for quantification were selected
to reduce interferences and matrix effects, particularly
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Fig. 3 The total concentrations (ng/mL) of the polymers in whole blood samples above the LOD and above the LOQ calculated as the sum of all the
polymers detected (above LOD) and the sum of total polymers quantified (@above LOQ), respectively. The concentrations for each polymer were blank-

corrected. The black bars represent the mean concentration

1,2-hydrohydronaphthalene (for PVC) and 1-eicosene
(for PE). The total concentration of plastic polymers
above LOD and above LOQ, are presented in Fig. 3.

The mean of the sum of the polymer concentration
above LOQ was 386 ng/mL which is in a similar range
of our previous reports [16]. On the other hand, data
available in the literature using Py-GC-MS reports
higher levels of MNPs, on average in the order of hun-
dreds pg/mL [32, 47]. Heterogeneity among the results
could be attributed to differences in analytical strate-
gies and quality control procedures. For example, many
studies employ strong acid treatments at elevated tem-
peratures during sample preparation, which may not
only alter the composition and integrity of the plastic
polymers, but also form degradation products from the
matrix which might interfere with the plastics markers,
potentially leading to inaccurate quantification [32, 48].
Additionally, the selection of ions used as quantitation
compounds and reported in most of the studies on this
topic (e.g. short-chain alkenes for PE and naphthalene for
PVC) may not always be reliable, as they are susceptible

to interferences arising from the biological matrices and
can lead to false positives [43, 47]. In addition, the use of
single-shot pyrolysis is commonly reported, which does
not remove the volatile fraction of the samples. These
volatile compounds can interfere with the quantification
process, compromising the accuracy of the results. Fur-
thermore, while some studies report LODs and LOQs,
these are often calculated without accounting for the
entire procedural workflow or without following IUPAC
guidelines [43, 48, 49]. Similarly, recovery experiments in
other studies often use surrogate matrices, such as soil or
water, rather than spiking the actual biological matrix of
interest [32]. This can lead to significant differences when
comparing recoveries between methods. The QA/QC
approach and method validation adopted in this work
most likely ensures more reliable data. The enzymatic
treatment is milder compared to the acid one and does
not affect the polymers. In addition, the thermal desorp-
tion step performed before pyrolysis is used to remove
any volatile product (present in the sample or formed
during the sample pretreatments) which could cause
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interference with the quantification. Furthermore, the
quantitation compounds were selected to minimize these
interferences with the biological matrix. Finally, spiking
the blood rather than a surrogate matrix for the recovery
assessment accounts for matrix effects and interactions
with the analytes.

The variability among the different methods highlights
the importance of robust quality control measures and
method validation to enable more meaningful compari-
son of MNP concentrations across studies.

Conclusions and future perspectives

This study presents a more sensitive method for the
quantitative analysis of MNPs in full-scan acquisition
mode, with reduced susceptibility to interferences. The
method was employed to quantify six target polymers,
PMMA, PP, PS, PE, PVC, and PET, in 102 human whole
blood samples. Efforts have been made to ensure the
reliability of the results by guaranteeing rigorous qual-
ity control measurements. MNPs were detected in all
the samples investigated, with a mean concentration of
386 ng/mL for the samples having a concentration above
the LOQ, and PVC as the most prevalent polymer. Our
approach highlights the importance of developing robust
analytical protocols that are adaptable to complex bio-
logical matrices, ultimately facilitating reliable MNPs
analysis in human health studies. This method and its
application to human blood samples is a potential valu-
able tool for human biomonitoring plastic pollutants and
assessing exposure to MNPs.

Future work will be focused on further improvement of
the analytical methodology to achieve enhanced recov-
eries, minimize matrix effects and improve LODs and
LOQs, allowing for even more sensitive and accurate
measurements of MNPs in complex biological matrices.
An important next step is assessing the intra-sample
reproducibility of the method. At the moment, achieving
high reproducibility is challenging due to the heteroge-
neous distribution of particles in blood and the fact that a
1 mL aliquot may not fully represent the entire blood vol-
ume. Ongoing work is therefore focused on processing
larger sample volumes to reduce potential inhomogene-
ities and ensure consistent results across repeated mea-
surements of the same sample. Extending the method to
include a wider range of human matrices will provide a
more comprehensive understanding of MNP distribution
and exposure across different biological compartments.
The Py-GC-MS full scan data could be further explored
to detect additional polymer types in human blood.
Moreover, the data from the thermal desorption step
could enable the characterization of additives commonly
found in plastics. The full scan data could also be pro-
cessed by advanced data analysis strategies through the
application of machine learning techniques, to develop
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a robust statistical framework for MNPs quantification,
improving the reliability and interpretation of results.

Supplementary Information
The online version contains supplementary material available at https://doi.or
9/10.1186/543591-025-00152-7.

[ Supplementary Material 1 J

Acknowledgements

FN. and M.B. acknowledge the MOMENTUM project 458001101, made
possible by: Programme Microplastics & Health https://www.zonmw.nl
/en/programma-opslag-en/microplastics-health/) and Health~Holland,

Top Sector Life Sciences & Health (https://www.health-holland.com). LS.
acknowledge funding from the European Union's Horizon 2020 research and
innovation programme under the POLYRISK grant agreement No. 964766. AD
acknowledges funding from the European Union's Horizon 2020 research and
innovation programme under the AURORA grant agreement No. 964827.

Author contributions

FN: Data curation, Visualisation, Writing original draft. MB: Conceptualisation,
Data curation, Formal analysis, Investigation, Methodology, Validation,
Visualisation, Writing — review & editing. MV, LS: Methodology, Validation,
Writing - review & editing. AD, RV: Provided samples, Writing — review &
editing. FB, SHB, MHL: Conceptualisation, Methodology, Writing — review &
editing, Supervision. All authors approved the final manuscript.

Funding

FN and MB were funded by the MOMENTUM project 458001101 made
possible by: Programme Microplastics & Health (https://www.zonmw.nl/en/p
rogramma-opslag-en/microplastics-health/) and Health ~Holland, Top Sector
Life Sciences & Health (https://www.health-holland.com). L.S. was funded

by the European Union’s Horizon 2020 research and innovation programme
under the POLYRISK grant agreement No. 964766. AD was funded by the
European Union’s Horizon 2020 research and innovation programme under
the AURORA grant agreement No. 964827.

Data availability
All data generated or analysed during this study are included in
Supplementary material file.

Declarations

Ethics approval and consent to participate

Anonymised volunteers signed an informed consent under regulations within
the Netherlands and maintained by the Utrecht Medical Center Medical
Ethical Committee.

Consent for publication
All authors provide consent for publication.

Competing interests
The authors declare no competing interests.

Received: 17 June 2025 / Accepted: 10 October 2025
Published online: 24 December 2025

References

1. Akoueson F, Sheldon LM, Danopoulos E, Morris S, Hotten J, Chapman E, Li
J, Rotchell JM. A preliminary analysis of microplastics in edible versus non-
edible tissues from seafood samples. Environ Pollut. 2020,263:114452.

2. OBmann BE. Microplastics in drinking water? Present state of knowledge and
open questions. Curr Opin Food Sci. 2021;41:44-51.

3. Amato-Lourenco LF, Carvalho-Oliveira R, Junior GR, dos Santos L, Galvao RA,
Ando T, Mauad. Presence of airborne microplastics in human lung tissue. J
Hazard Mater. 2021;416:126124.


https://doi.org/10.1186/s43591-025-00152-7
https://doi.org/10.1186/s43591-025-00152-7
https://www.zonmw.nl/en/programma-opslag-en/microplastics-health
https://www.zonmw.nl/en/programma-opslag-en/microplastics-health
https://www.health-holland.com
https://www.zonmw.nl/en/programma-opslag-en/microplastics-health/
https://www.zonmw.nl/en/programma-opslag-en/microplastics-health/
https://www.health-holland.com

Nardella et al. Microplastics and Nanoplastics

20.

21

22.

23.

24.

25,

(2025) 5:48

Krystek P, Koelmans AA, Quik J, Swart E, Krause S, Legler J, Aardema H,
Vethaak D. Micro-and nanoplastics in soil: new insights, knowledge gaps and
challenges. Chemosphere. 2025;373:144117.

ISO 1SO, TR 21960. 2020 Plastics—Environmental aspects—State of knowl-
edge and methodologies. International Organization for Standardization:
Geneva; 2020.

Gasperi J, Wright SL, Dris R, Collard F, Mandin C, Guerrouache M, Langlois V,
Kelly FJ, Tassin B. Microplastics in air: are we breathing it in? Curr Opin Environ
Sci Health. 2018;1:1-5. https://doi.org/10.1016/j.coesh.2017.10.002.

Oliveira M, Almeida M. The why and how of micro (nano) plastic research.
TRAC Trends Anal Chem. 2019;114:196-201.

Thompson RC, Olsen Y, Mitchell RP, Davis A, Rowland SJ, John AWG,
McGonigle D, Russell AE. Lost at sea: where is all the plastic? Science.
1979;304(2004):838.

Kutralam-Muniasamy G, Shruti VC, Pérez-Guevara F, Roy PD. Microplastic
diagnostics in humans: the 3Ps Progress, problems, and prospects. Sci Total
Environ. 2023;856. https://doi.org/10.1016/j.scitotenv.2022.159164.

Murphy F, Russell M, Ewins C, Quinn B. The uptake of macroplastic & micro-
plastic by demersal & pelagic fish in the Northeast Atlantic around Scotland.
Mar Pollut Bull. 2017;122:353-9.

Rahman A, Sarkar A, Yadav OP, Achari G, Slobodnik J. Potential human health
risks due to environmental exposure to nano-and microplastics and knowl-
edge gaps: A scoping review. Sci Total Environ. 2021;757:143872.

De-la-Torre GE, Pizarro-Ortega Cl, Dioses-Salinas DC, Ammendolia J, Okoffo
ED. Investigating the current status of COVID-19 related plastics and their
potential impact on human health. Curr Opin Toxicol. 2021;27:47-53.

Prata JC. Airborne microplastics: consequences to human health? Environ
Pollut. 2018,234:115-26.

Vethaak AD, Legler J. Microplastics and human health. Science.
1979;371(2021):672-4.

Leslie HA, Van Velzen MJ, Brandsma SH, Vethaak AD, Garcia-Vallejo JJ, Lamoree
MH. Discovery and quantification of plastic particle pollution in human
blood. Environ Int. 2022;163:107199.

Brits M, van Velzen MIM, Sefiloglu FO, Scibetta L, Groenewoud Q, Garcia-
Vallejo JJ, Vethaak AD, Brandsma SH, Lamoree MH. Quantitation of micro

and nanoplastics in human blood by pyrolysis-gas chromatography-mass
spectrometry. Microplastics Nanoplastics. 2024;4. https://doi.org/10.1186/543
591-024-00090-w.

Amato-Lourenco LF, Carvalho-Oliveira R, Junior GR, dos Santos L, Galvao RA,
Ando T, Mauad. Presence of airborne microplastics in human lung tissue. J
Hazard Mater. 2021;416:126124. https://doi.org/10.1016/jjhazmat.2021.12612
4.

Jenner LC, Rotchell JM, Bennett RT, Cowen M, Tentzeris V, Sadofsky LR. Detec-
tion of microplastics in human lung tissue using UFTIR spectroscopy. Sci Total
Environ. 2022;831:154907. https://doi.org/10.1016/j.scitotenv.2022.154907.
Ragusa A, Svelato A, Santacroce C, Catalano P, Notarstefano V, Carnevali O,
Papa F, Rongioletti M.CA,, Baiocco F, Draghi S, DAmore E, Rinaldo D,, Matta
M., Giorgini E. Plasticenta: first evidence of microplastics in human placenta.
Environ Int. 2021;146. https://doi.org/10.1016/j.envint.2020.106274.

Liu S, Guo J, Liu X, Yang R, Wang H, Sun Y, Chen B, Dong R. Detection of vari-
ous microplastics in placentas, meconium, infant feces, breastmilk and infant
formula: A pilot prospective study. Sci Total Environ. 2023;854:158699. https://
doi.org/10.1016/jscitotenv.2022.158699.

Geppner L, Ramer G, Tomasetig D, Grundhofer L, Kiss J, Kaup M, Henjakovic
M. A novel enzymatic method for isolation of plastic particles from human
blood. Environ Toxicol Pharmacol. 2023;104. https://doi.org/10.1016/].etap.20
23.104318.

Guan Q Jiang J,Huang Y, Wang Q, Liu Z, Ma X, Yang X, Li Y, Wang S, Cui W,
Tang J,Wan H, Xu Q, TuY, Wu D, Xia Y. The landscape of micron-scale particles
including microplastics in human enclosed body fluids. J Hazard Mater.
2023;442:130138. https://doi.org/10.1016/jjhazmat.2022.130138.

Rotchell JM, Jenner LC, Chapman E, Bennett RT, Bolanle 10, Loubani M,
Sadofsky L, Palmer TM. Detection of microplastics in human saphenous vein
tissue using PFTIR: A pilot study. PLoS ONE. 2023;18:20280594. https://doi.org
/10.1371/journal.pone.0280594.

Horvatits T, Tamminga M, Liu B, Sebode M, Carambia A, Fischer L, Pischel K,
Huber S, Fischer EK. Microplastics detected in cirrhotic liver tissue. EBioMedi-
cine. 2022;82. https://doi.org/10.1016/j.ebiom.2022.104147.

Montano L, Giorgini E, Notarstefano V, Notari T, Ricciardi M, Piscopo M, Motta
0. Raman microspectroscopy evidence of microplastics in human semen. Sci
Total Environ. 2023;901:165922. https://doi.org/10.1016/j.scitotenv.2023.1659
22.

26.

27.

28.

29.

30.

31.

32

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Page 9 of 10

Pironti C, Notarstefano V, Ricciardi M, Motta O, Giorgini E, Montano L. First
evidence of microplastics in human urine, a preliminary study of intake in the
human body. Toxics. 2022;11:40.

Leonard SVL, Liddle CR, Atherall CA, Chapman E, Watkins M, Calaminus SDJ,
Rotchell JM. Microplastics in human blood: polymer types, concentrations
and characterisation using UFTIR. Environ Int. 2024;188. https://doi.org/10.101
6/j.envint.2024.108751.

Seeley ME, Lynch JM. Previous successes and untapped potential of
pyrolysis—-GC/MS for the analysis of plastic pollution. Anal Bioanal Chem.
2023;415:2873-90.

Ishimura T, Iwai I, Matsui K, Mattonai M, Watanabe A, Robberson W, Cook

AM, Allen HL, Pipkin W, Teramae N, Ohtani H, Watanabe C. Qualitative and
quantitative analysis of mixtures of microplastics in the presence of calcium
carbonate by pyrolysis-GC/MS. J Anal Appl Pyrol. 2021;157. https://doi.org/10.
1016/jjaap.2021.105188.

Albignac M, de Oliveira T, Landebrit L, Miquel S, Auguin B, Leroy E, Maria E,
Mingotaud AF. A. ter Halle, tandem mass spectrometry enhances the perfor-
mances of pyrolysis-gas chromatography-mass spectrometry for microplastic
quantification. J Anal Appl Pyrol. 2023;172:105993.

Akoueson F, Chbib C, Monchy S, Paul-Pont |, Doyen P, Dehaut A, Duflos G.
Identification and quantification of plastic additives using pyrolysis-GC/MS: A
review. Sci Total Environ. 2021;773:145073.

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, Li J, 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.

Garcia MA, Liu R, Nihart A, El Hayek E, Castillo E, Barrozo ER, Suter MA, Bleske
B, Scott J, Forsythe K, Gonzalez-Estrella J, Aagaard KM, Campen MJ. Quantita-
tion and identification of microplastics accumulation in human placental
specimens using pyrolysis gas chromatography mass spectrometry. Toxicol
Sci. 2024;199:81-8. https://doi.org/10.1093/toxsci/kfae021.

Guo X, Wang L, Wang X, Li D, Wang H, Xu H, Liu Y, Kang R, Chen Q, Zheng L,
Wu'S, Guo Z, Zhang S. Discovery and analysis of microplastics in human bone
marrow. J Hazard Mater. 2024;477:135266. https://doi.org/10.1016/jjhazmat.2
024.135266.

Malafaia G, Barceld D. Microplastics in human samples: recent advances, hot-
spots, and analytical challenges. TrAC - Trends Anal Chem. 2023;161. https.//d
0i.0rg/10.1016/j.trac.2023.117016.

Qiu'Y, Mintenig S, Barchiesi M, Koelmans AA. Using artificial intelligence tools
for data quality evaluation in the context of microplastic human health risk
assessments. Environ Int. 2025:109341.

1zzo FC, Van Keulen H, Carrieri A. Assessing the condition of complex poly-
material artworks by Py-GC-MS: the study of cellulose acetate-based anima-
tion cels. Separations. 2022;9:131.

Wijga AH, Kerkhof M, Gehring U, de Jongste JC, Postma DS, Aalberse RC,
Wolse APH, Koppelman GH, van Rossem L, Oldenwening M. Cohort profile:
the prevention and incidence of asthma and mite allergy (PIAMA) birth
cohort. Int J Epidemiol. 2014;43:527-35.

Rauert C, Charlton N, Bagley A, Dunlop SA, Symeonides C, Thomas KV. Assess-
ing the efficacy of Pyrolysis—-Gas Chromatography-Mass spectrometry for
nanoplastic and microplastic analysis in human blood. Environ Sci Technol.
2025.

Nijenhuis W, Houthuijs KJ, Brits M, van Velzen MJM, Brandsma SH, Lamoree
MH, Béen FM. Improved multivariate quantification of plastic particles

in human blood using non-targeted pyrolysis GC-MS. J Hazard Mater.
2025;489:137584. https://doi.org/10.1016/jjhazmat.2025.137584.

Dierkes G, Lauschke T, Becher S, Schumacher H, Foldi C, Ternes T. Quantifica-
tion of microplastics in environmental samples via pressurized liquid extrac-
tion and pyrolysis-gas chromatography. Anal Bioanal Chem. 2019;411:6959-
68. https://doi.org/10.1007/500216-019-02066-9.

Rauert C, Pan Y, Okoffo ED, O'Brien JW, Thomas KV. Extraction and Pyrolysis-
GC-MS analysis of polyethylene in samples with medium to high lipid
content. J Environ Expo Assess. 2022;1:13.

Marfella R, Prattichizzo F, Sardu C, Fulgenzi G, Graciotti L, Spadoni T, D'Onofrio
N, Scisciola L, La Grotta R, Frigé C, Pellegrini V, Municind M, Siniscalchi M,
Spinetti F, Vigliotti G, Vecchione C, Carrizzo A, Accarino G, Squillante A,
Spaziano G, Mirra D, Esposito R, Altieri S, Falco G, Fenti A, Galoppo S, Canzano
S, Sasso FC, Matacchione G, Olivieri F, Ferraraccio F, Panarese |, Paolisso P,
Barbato E, Lubritto C, Balestrieri ML, Mauro C, Caballero AE, Rajagopalan S,
Ceriello A, D'Agostino B, lovino P, Paolisso G. Microplastics and nanoplastics in


https://doi.org/10.1016/j.coesh.2017.10.002
https://doi.org/10.1016/j.scitotenv.2022.159164
https://doi.org/10.1186/s43591-024-00090-w
https://doi.org/10.1186/s43591-024-00090-w
https://doi.org/10.1016/j.jhazmat.2021.126124
https://doi.org/10.1016/j.jhazmat.2021.126124
https://doi.org/10.1016/j.scitotenv.2022.154907
https://doi.org/10.1016/j.envint.2020.106274
https://doi.org/10.1016/j.scitotenv.2022.158699
https://doi.org/10.1016/j.scitotenv.2022.158699
https://doi.org/10.1016/j.etap.2023.104318
https://doi.org/10.1016/j.etap.2023.104318
https://doi.org/10.1016/j.jhazmat.2022.130138
https://doi.org/10.1371/journal.pone.0280594
https://doi.org/10.1371/journal.pone.0280594
https://doi.org/10.1016/j.ebiom.2022.104147
https://doi.org/10.1016/j.scitotenv.2023.165922
https://doi.org/10.1016/j.scitotenv.2023.165922
https://doi.org/10.1016/j.envint.2024.108751
https://doi.org/10.1016/j.envint.2024.108751
https://doi.org/10.1016/j.jaap.2021.105188
https://doi.org/10.1016/j.jaap.2021.105188
https://doi.org/10.1016/j.jhazmat.2024.133855
https://doi.org/10.1016/j.jhazmat.2024.133855
https://doi.org/10.1093/toxsci/kfae021
https://doi.org/10.1016/j.jhazmat.2024.135266
https://doi.org/10.1016/j.jhazmat.2024.135266
https://doi.org/10.1016/j.trac.2023.117016
https://doi.org/10.1016/j.trac.2023.117016
https://doi.org/10.1016/j.jhazmat.2025.137584
https://doi.org/10.1007/s00216-019-02066-9

Nardella et al. Microplastics and Nanoplastics

44,
45,

46.

47.

(2025) 5:48

atheromas and cardiovascular Events, new England. J Med. 2024;390:900-10.
https://doi.org/10.1056/nejmoa2309822.

Moldoveanu SC. Pyrolysis of organic molecules. in: Applications to Health
and Environmental Issues, Elsevier. 2019.

Orsini S, Parlanti F, Bonaduce I. Analytical pyrolysis of proteins in samples from
artistic and archaeological objects. J Anal Appl Pyrol. 2017;124:643-57.
Huang S, Huang X, Bi R, Guo Q, Yu X, Zeng Q, Huang Z, Liu T, Wu H, ChenY,
Xu J,Wu'Y, Guo P. Detection and analysis of microplastics in human sputum.
Environ Sci Technol. 2022,56:2476-86. https://doi.org/10.1021/acs.est.1c0385
9.

Yu H, Li H, Cui C,Han Y, Xiao Y, Zhang B, Li G. Association between blood
microplastic levels and severity of extracranial artery stenosis. J Hazard Mater.
2024;480:136211. https://doi.org/10.1016/jjhazmat.2024.136211.

48.

49.

Page 10 of 10

WangT,Yi Z Liu X, Cai Y, Huang X, Fang J, Shen R, Lu W, Xiao Y, Zhuang W.
Multimodal detection and analysis of microplastics in human thrombi from
multiple anatomically distinct sites. EBioMedicine 2024;103.

Thompson M, Ellison SLR, Wood R. Harmonized guidelines for single-labo-
ratory validation of methods of analysis (IUPAC Technical Report), Pure and
Applied Chemistry 2002;74:835-55.

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


https://doi.org/10.1056/nejmoa2309822
https://doi.org/10.1056/nejmoa2309822
https://doi.org/10.1021/acs.est.1c03859
https://doi.org/10.1021/acs.est.1c03859
https://doi.org/10.1016/j.jhazmat.2024.136211

	﻿Advancing pyrolysis-gas chromatography-mass spectrometry for the accurate quantification of micro- and nanoplastics in human blood
	﻿Abstract
	﻿Introduction
	﻿Materials and methods
	﻿Chemicals
	﻿Blood samples
	﻿Standard polymer mixture preparation
	﻿Sample preparation
	﻿Py-GC-MS analysis
	﻿QA/QCs

	﻿Results and discussion
	﻿Method validation
	﻿Blood analysis
	﻿Conclusions and future perspectives

	﻿References


