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Abstract

Patients with chronic kidney disease (CKD), particularly those receiving hemodialysis (HD),
may be more vulnerable to exposure to micro- and nanoplastics (MNPs) and bisphenol A
(BPA) because of impaired renal clearance and frequent contact to plastic-based medical
devices. This study aimed to assess and compare the levels of blood MNPs and urinary BPA
in HD patients, non-dialysis CKD patients, and healthy subjects with a focus on sex-related
differences and the potential role of hemodialysis as an additional source of exposure. A
cross-sectional human biomonitoring study was conducted. Blood and urine samples were
collected to quantify BPA using gas chromatography—mass spectrometry (GC-MS) and
MNPs using scanning electron microscopy coupled with an Energy-Dispersive X-ray De-
tector (SEM-EDX). Descriptive statistics included medians, interquartile ranges (IQRs), 95%
confidence intervals, frequencies, and percentages. Blood MNP levels were higher in HD
[9889 (4525-14,939) p/mL] and non-dialysis CKD patients [9234 (3354-15,429) p/mL] than
in healthy subjects [5755 (2488-9042) p/mL]. Urinary MNP levels were also higher in non-
dialysis CKD patients [1231 (0-8281) p/mL] than in healthy subjects [411 (0-1636) p/mL].
Urinary MNPs were smaller in non-dialysis CKD patients than in healthy subjects. In
contrast, urinary BPA levels were lower in non-dialysis CKD patients [0.16 (0.12-0.16)]
than in healthy subjects [0.98 (0.60-2.36)]. Sex-specific patterns were observed. Females
had higher blood MNP levels than males among HD patients (median 9907 vs. 9063 p/mL)
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and healthy subjects (6627 vs. 4131 p/mL), whereas the opposite pattern was observed
in non-dialysis CKD patients (10,083 vs. 7340 p/mL). Overall, these findings suggest an
increased systemic burden of MNPs and altered BPA elimination in non-dialysis CKD and
HD patients. The observed sex-specific patterns suggest that biological sex may contribute
to differences in internal exposure within this vulnerable population.

Keywords: micro- and nanoplastics; bisphenol A; chronic kidney disease; dialysis;
environmental exposure

1. Introduction

Plastics are highly adaptable materials that have transformed numerous sectors, from
the food industry to healthcare. Worldwide plastic production has increased dramati-
cally, reaching 413.8 million metric tons in 2023, with a consequent rise in environmental
contamination [1-3]. A substantial proportion of plastics is discarded after a single use
and is frequently released into the environment. Most plastics are highly resistant to
degradation and progressively fragment into micro- and nanoplastics (MNPs). MNPs
are defined as plastic particles with a diameter of less than 5 mm [4] and are commonly
classified as primary and secondary. Primary MNPs are intentionally manufactured for
commercial applications (i.e., facial cleansers, toothpaste, exfoliating creams, and drug
delivery vectors) [5,6]. In contrast, secondary MNPs originate from the breakdown of
larger plastic materials and macroplastics through processes influenced by temperature,
ultraviolet radiation, and biological activity [7,8].

MNPs accumulate in both aquatic and terrestrial environments. In marine ecosystems,
large plastic debris, such as that found in the Great Pacific Garbage Patch [9], may act
as a long-term source of MNPs through progressive fragmentation [10,11]. Similarly, in
terrestrial environments, plastic residues can form persistent “scar” layers that may serve
as stratigraphic indicators [12]. Numerous studies have also demonstrated the presence
of MNPs in everyday consumables, including bottled water [13], tap water [14], fruit,
vegetables [15], meat, and fish [16,17]. Human exposure to MNPs occurs predominantly
through ingestion, inhalation and dermal contact [18]. Once internalized, MNPs may
enter the bloodstream and accumulate in different tissues and organs, inducing cellular
alterations through oxidative stress, metabolic disruption, and inflammation [19,20], as
shown in both “in vitro” [21] and “in vivo” models [20,22]. In addition, MNPs may exert
indirect toxic effects, by acting as carriers for microorganisms, viruses, and environmental
pollutants [23]. Among the contaminants associated with MNPs, bisphenol A (BPA) rep-
resents a major concern due to its ability to adsorb onto MNPs and bioaccumulate in the
human body [19]. BPA is a synthetic, heat-resistant xenobiotic with endocrine-disrupting
properties, and is widely used in the production of polycarbonate plastics, water bottles,
toys, cigarette filters, and medical devices [24]. It is one of the most extensively produced
chemicals worldwide and is ubiquitous in the environment, contaminating air, water, soil,
food, and beverages. [25]. Because of its documented adverse effects on human health,
regulatory authorities have progressively introduced stricter measures, culminating in the
recent European Union ban on BPA in food- and beverages-contact materials, established
by Commission Regulation (EU) 2024/3190 [26-28]. This regulatory shift underscores the
public health relevance of investigating internal BPA exposure, particularly in medically
vulnerable populations such as patients with chronic kidney disease (CKD) and those
undergoing hemodialysis (HD) who may experience impaired BPA elimination and addi-
tional exposure from medical devices. Despite growing evidence, previous studies have
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rarely assessed BPA and MNPs co-exposure simultaneously, and none have systematically
examined sex-specific differences in internal exposure [27,28]. This gap highlights the need
for integrated sex-stratified analyses to clarify how dual contaminant burdens may differ
across renal disease populations.

Human exposure to BPA occurs through pathways similar to those described for
MNPs, including ingestion, inhalation, dermal absorption, and vertical transmission, with
dietary intake considered the predominant source of exposure [29]. Because of its lipophilic
nature, BPA can accumulate in multiple tissues and has been associated with an increased
risk of cancer, hypertension, and cardiovascular disease [30], as well as with disruption of
reproductive and neuroendocrine functions [31]. BPA exposure has also been proposed as a
potential contributor to CKD progression, as the compound is primarily eliminated through
urinary excretion [32]. Although the full impact of BPA on renal function remains under
investigation, BPA-induced inflammation has been suggested as a possible mechanism
contributing to CKD progression and impaired BPA clearance [33]. In patients undergoing
HD, BPA exposure may be further exacerbated, as its removal during dialysis is limited
and may depend on both the composition of medical devices and the dialysis modal-
ity used [34]. Given that HD accounts for approximately 89% of all dialysis treatments
worldwide [35], it may also represent an additional source of MNPs exposure due to the
extensive use of plastic-based medical devices [36,37]; however, this hypothesis requires
confirmation in longitudinal studies specifically designed to evaluate exposure before and
after dialysis initiation.

CKD represents a major global public health issue and is currently the ninth
leading cause of death worldwide [38], affecting more than 10% of the global popu-
lation, corresponding to over 800 million individuals, particularly among vulnerable
populations [39]. CKD is defined by the presence of kidney damage or a glomerular
filtration rate < 60 mL/min/1.73 m? for 3 months [40], and may progress to kidney fail-
ure, cardiovascular diseases, and premature mortality [41]. Its clinical manifestations are
heterogeneous, resulting in complex management strategies ranging from conservative
treatment [42] to renal replacement therapies, such as HD [43]. Recent experimental studies
using human embryonic kidney cells [44] and mice [45] have suggested that MNPs may
induce renal alterations. CKD progression is influenced by multiple factors, with immune
dysregulation and chronic inflammation playing a central role as both pathogenic drivers
and therapeutic targets [46]. Given the strong link between inflammation and lifestyle
and environmental factors [47], reducing exposure to environmental contaminants such
as MNPs, alongside appropriate lifestyle modifications, may contribute to mitigating dis-
ease progression. The issue of plastic exposure in nephropathic patients has long been
recognized by the nephrology community [48,49]. Recent studies have investigated the
presence and excretion pathway of MNPs, confirming their detection in human urine,
blood, kidneys, and other tissues, and underscoring their potential health relevance [50].

Given the growing evidence linking MNPs and BPA exposure to renal health, par-
ticularly in patients with CKD, this study aimed to quantify blood MNPs and urinary
BPA levels in HD patients, non-dialysis CKD patients, and healthy subjects, with par-
ticular attention to sex-related differences in exposure levels. We also explored whether
HD treatment may represent an additional source of exposure, thereby addressing an
important knowledge gap regarding the burden of environmental contaminants in this
vulnerable population.
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2. Materials and Methods
2.1. Study Design and Participants

A cross-sectional human biomonitoring study with groups defined by disease status
was conducted, including three predefined groups of participants: patients undergoing HD
(group 1), patients with CKD not receiving dialysis (group 2) and healthy subjects (group 3).
Participants were enrolled, between January 2022 and November 2024, at the Policlinic “G.
Rodolico-San Marco” Hospital, Department of Internal Medicine, section of Nephrology,
University of Catania, and “Azzurra” Nephrology and Dialysis Techniques Clinic (Catania,
Italy). Inclusion criteria for HD patients included age > 18 years, stage 5 CKD, and at
least six months of ongoing HD treatment. Inclusion criteria for non-dialysis CKD patients
comprised a diagnosis of stage 3-4 CKD with no indication for renal replacement therapy.
Healthy subjects were selected among hospital patients with no history of CKD. For each
participant, blood and urine samples were collected to quantify MNPs and BPA; for HD
patients, only blood samples were collected, as they did not produce urine due to their
clinical condition.

Whole blood samples were collected from non-fasting participants into two pierceable
K,EDTA tubes at the time of the clinical visit. In non-dialysis CKD patients, blood samples
were obtained from a peripheral vein, whereas in HD patients, blood was drawn from
the vascular access (central venous catheter or arteriovenous fistula) before connection to
the hemodialysis circuit. Urine samples from non-dialysis CKD patients were collected
concurrently with blood sampling in pre-cleaned, sterilized glass containers to minimize
the risk of external contamination. All samples were immediately stored at —20 °C without
agitation until analysis.

2.2. Data Collection

A structured interview was administered to each participant by trained physicians to
laboratory testing. The interview collected information on socio-demographic and clinical
characteristics, habits and lifestyles, potential sources of MNPs and BPA exposure, and
clinical data.

2.3. Laboratory Tests
2.3.1. Determination of Bisphenol A (BPA)

The analytical method has already been described elsewhere [51,52]. Briefly, urine
samples were thawed at room temperature and homogenized by vortex mixing. A 5 mL
aliquot of each sample was transferred into a conical-bottom glass tube (VWR International,
Radnor, PA, USA) and spiked with 100 pL of the internal standard (BPA-d16+; LGC
Standards, Teddington, UK). Subsequently, 40 pL of (3-glucuronidase solution (Sigma-
Aldrich, St. Louis, MO, USA) (20,000 U/mL in 1 M ammonium acetate buffer pH 5.0) was
added. Samples were incubated overnight at 37 °C in a heat bath (Unitronic Orbital, J.P.
Selecta, Barcelona, Spain) to ensure complete enzymatic hydrolysis of conjugated BPA.
After incubation, 1325 pL of acetonitrile (MeCN; Sigma-Aldrich, St. Louis, MO, USA),
85 uL of tetrachloroethylene (T4CE; Sigma-Aldrich, St. Louis, MO, USA), and 125 pL of
ammonium acetate (Sigma-Aldrich, St. Louis, MO, USA) were added. The mixture was
vortexed (Vortex-Genie 2; Scientific Industries, Bohemia, NY, USA) and centrifuged at
2500 rpm for 20 min at 4 °C using a refrigerated centrifuge (Bioprocen 22R, Ortoalresa,
Madrid, Spain). Finally, 70 pL of the lower organic phase was transferred into a 100 pL
insert and stored at —80 °C until further analysis.
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2.3.2. GC-MS Analysis

Gas chromatography-mass spectrometry (GC-MS) analyses were performed using an
HP6890 gas chromatograph (Agilent Technologies, Santa Clara, CA, USA) coupled to an
Agilent 5973 single quadrupole mass selective detector (Agilent Technologies, Santa Clara,
CA, USA) operated in electron ionization (EI) mode. Separation was achieved using an
HP-5MS capillary column (30 m x 0.25 mm x 0.25 um) (Agilent J&W, Folsom, CA, USA)
with helium employed as the carrier gas at a constant flow rate of 1.1 mL/min. Samples
were injected in splitless mode at an injector temperature of 280 °C, with a purge-off time of
60 s. The oven temperature program started at 100 °C (held for 1 min), increased to 280 °C
at a rate of 30 °C/min, and was held for 8 min, followed by a ramp to 310 °C at 40 °C/min,
which was maintained for 1 min, resulting in a total run time of 16.75 min. The transfer line
temperature was set at 280 °C, while the ion source and quadrupole temperatures were
maintained at 230 °C and 150 °C, respectively. The mass spectrometer was operated in
selected ion monitoring (SIM) mode, acquiring at least three characteristic ions per analyte.
Data acquisition and processing were carried out using Agilent ChemStation software
(version D.0200SP1, Agilent Technologies, Santa Clara, CA, USA).

2.3.3. Quality Assurance, Quality Control Measures, and Method Performance Parameters

All glassware and materials were pre-cleaned by sonication twice for 30 min in
methanol (Sigma-Aldrich, St. Louis, MO, USA), followed by 30 min of sonication in
Milli-Q water (Elix Reference Water Purification Systems, Merck Millipore, Burlington,
MA, USA) and a final rinse with ethanol (Sigma-Aldrich, St. Louis, MO, USA). Sonication
was performed using an ultrasonic bath (Ultrasons HD, J.P. Selecta, Barcelona, Spain).
Procedural blanks prepared with Milli-Q water and representing 10% of the total number
of samples were included throughout the extraction process. Samples were randomized
during both processing and instrumental analysis, and quality control samples (pooled
urine or calibration standards) were analyzed every ten injections to monitor instrumental
performance and signal stability. Matrix-matched calibration curves were prepared with
spiking standards containing bisphenol analogs (LGC Standards, Teddington, UK) at levels
ranging from 0.2 to 50 pg/L. Internal standard (BPA-d16) was added to all standards
and samples at a final concentration of 27 ug/L. Linear regression analysis yielded coef-
ficients of determination (R?) > 0.995 for all analytes. Method limits of detection (LODs)
and quantification (LOQs) were determined as the levels corresponding to signal-to-noise
ratios (S/N) of 3 and 10, respectively. Matrix effect was evaluated by comparing the
slopes of the calibration curves prepared in matrix and solvent, and coefficient of variation
(CV) was also calculated. Recovery was assessed by comparing the analytical response
of analytes in samples spiked before and after the extraction step at two concentration
levels (2.5 ug/L y 10 pug/L) to evaluate extraction efficiency. Further details are provided
in Supplementary Materials (Table S1).

2.3.4. Creatinine Determination

Urinary bisphenol levels were normalized to creatinine levels to account for urine
dilution. Creatinine was quantified using the Jaffé method with a commercial creatinine
assay kit (Quimica Clinica Aplicada, Tarragona, Spain) and measured in a COBAS Mira
biochemical analyzer (Roche Diagnostics, Rotkreuz, Switzerland).

2.3.5. MNPs in Blood and Urine
Sample Preparation

The blood MNPs extraction method employed in this study is protected by both
national and international patents (PCT/IB2019/051838 of 7 March 2019) and was applied
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according to the methodology described by Montano et al. [53]. The method has been
previously validated, showing a mean recovery of 93% and a limit of detection (LOD)
of 0.1 um [13,54]. Several precautions were implemented to minimize environmental
contamination during sample handling, including the use of nitrile gloves (Kimberly-Clark,
Irving, TX, USA), cleaned laminar flow hoods, and filtration of reagent through glass
fiber filter (Whatman GF/A; Cytiva, Marlborough, MA, USA) to reduce airborne dust and
synthetic textile debris. Throughout all experimental phases (sampling, storage, sample
pre-treatment, sample extraction, and analysis) only glass and aluminum equipment and
containers were employed. All materials employed for samples processing were thoroughly
washed with UPLC-MS grade water (Merk, Darmstadt, Germany). A 100 uL aliquot of
whole blood from each sample was transferred into glass tubes (VWR International, Radnor,
PA, USA), which were subsequently sealed. Samples underwent chemical treatment (Merk,
Darmstadt, Germany) and were digested using a graphite digestion block system (digiPREP
LS, QuantAnalitica, Trezzano sul Naviglio, Italy). Reagent blanks were processed in parallel
for each batch of samples throughout the analytical procedure.

Following digestion, and liquid-liquid recovery of MNPs, the extracts were cen-
trifuged (Eppendorf 5427R, Hamburg, Germany). The resulting extracts were then de-
posited on to aluminum stubs for scanning electron microscopy (SEM) analysis (Oxford
Instruments, High Wycombe, UK), using 25 mm diameter SEM Specimen Stubs (Agar
Scientific, Stansted, UK), previously cleaned with 100% high-purity dichloromethane (Carlo
Erba Reagents, Milan, Italy).

SEM-EDX Analysis

The stubs were metallized with pure gold using a Cressington Sputter Coater 108 Auto
(Cressington Scientific Instruments Ltd., Watford, UK). After that, the stubs were analyzed
using a ZEISS LEO 1530 scanning electron microscope (SEM) coupled with an energy-
dispersive X-ray detector (SEM-EDX) Oxford Instruments, High Wycombe, UK, operated
with AZTEC software (version 5.1).

Blood and urine samples were spiked with certified standard MNPs (3 um red
polystyrene particles; Merck-Sigma Aldrich, Darmstadt, Germany), yielding mean re-
coveries ranging from a minimum of 83% to a maximum of 103% for blood and urine
samples, respectively. This methodology was selected because the elimination of the
sample filtration step prevents the substantial loss of micro- and nanoplastics with sizes
smaller than the pore diameter of conventional filters. Such filtration steps are commonly
employed in current MNP analytical protocols and may lead to underestimation of micro-
and nanoplastic levels in both blood and urine samples.

EDX analysis allowed discrimination between plastic and non-plastic micro- and
nanoparticles, in accordance with previously published studies [15,55]. Quantification of
MNPs was performed over a total analyzed area of 1 mm? per stub (Al-234 copper stub
coated with pure gold), corresponding to the analysis of 228 fields at 1500 x magnification.
Results were expressed as the number of particles per milliliter (p/mL) of sample.

Three reagent blanks were processed with each batch of samples, and no measurable
MNPs were detected, indicating the absence of detectable contamination arising from
sample handling and analytical procedures.

2.3.6. MNPs Chemical Composition Typization

The chemical composition of the polymer particles was assessed using pyrolysis—
gas chromatography/mass spectrometry (Py GC/MS). Each analysis was carried out on
approximately 0.1-0.2 mg of the sample.
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The low level plastics calibration standard (MPCS L) dispersed in a SiO, powder matrix
was supplied by Frontier Laboratories Ltd. (Koriyama, Japan). This standard mixture
contained the following polymers: polystyrene (PS), polycarbonate (PC), polymethyl
methacrylate (PMMA), polyvinyl chloride (PVC), polypropylene (PP), polyethylene (PE),
nylon 6.6 (N-66) and polyethylene terephthalate (PET).

A multi shot pyrolyzer (EGA/PY 3030D, Frontier Laboratories Ltd., Koriyama, Japan)
was used and coupled to a GC-MS system (GCMS TQ8040 NX, Shimadzu Corporation,
Kyoto, Japan). Samples were analyzed in single shot mode at a pyrolysis temperature
of 600 °C with a holding time of 0.2 min. The Py GC/MS interface temperature was
maintained at 320 °C. The pyrolyzer was directly connected to the GC/MS split/splitless
(SSL) injector (Shimadzu Corporation, Kyoto, Japan), which operated in split mode with a
split ratio of 50:1 and an injector temperature of 232 °C.

Separation of the pyrolysis products was achieved using an Ultra Alloy® 5 capillary
column (30 m x 0.25 mm i.d. 0.25 um film thickness) provided by Frontier Laboratories.
Ultra-high purity helium served as the carrier gas at a constant flow rate of 1.87 mL min .
The GC oven temperature program consisted of an initial temperature of 40 °C held for
3 min. followed by a ramp of 30 °C min~! to 100 °C with a 5 min hold, and a final ramp of
10 °C min~! to 300 °C. maintained for 10 min. The total run time was 40 min.

The mass spectrometer operated in electron ionization (EI) mode at 70 eV, with the ion
source temperature set to 230 °C and the interface temperature held at 320 °C. Data were
acquired in full scan mode over an m/z range of 29-600.

Quality assurance and quality control (QA/QC) procedures were implemented
throughout the analytical workflow. Blank samples were included in each analytical batch
to monitor potential laboratory contamination, and repeatability analyses were performed
to assess the reproducibility of polymer identification by Py-GC/MS. Polymer concentra-
tions below the analytical limit of detection (LOD) were reported as <LOD. It should be
noted that the analytical sensitivity of Py-GC/MS depends on several factors, including the
biological matrix, sample volume, and instrumental performance; therefore, the absence
of detectable concentrations should not be interpreted as the complete absence of a given
polymer. Previous release experiments performed on the same polymeric materials used in
hemodialysis systems have shown that detectable amounts of PVC, PET, and PE require
the extraction of approximately 2 L of dialysate, a sampling approach that is not feasible
for biological specimens [56]. Consequently, with the exception of polypropylene (PP),
polymers not exceeding the analytical LOD were reported as <LOD. Chemical structures
were identified by comparing the experimental mass spectra with those in the MS libraries
(NIST11.Lib. NIST11s.Lib. NIST14.Lib. NIST14s.Lib. and WILEYS8.Lib). Identification of
pyrolysis products was further validated by comparing retention times and mass spectra
with those obtained from the microplastics calibration standards (MPs SiO, L).

2.3.7. Statistical Data Analysis

Data were summarized using medians, interquartile ranges (IQRs), and 95% confi-
dence intervals for quantitative variables, and frequencies and percentages for qualitative
variables. In accordance with the American Statistical Association recommendations on
statistical inference, the present study adopted a descriptive analytical approach and did
not rely on null hypothesis significance testing or p-values. Accordingly, the analyses were
intended to characterize exposure distributions across the study groups rather than to estab-
lish statistical associations or causal relationships. Consistent with the exploratory aim of
this human biomonitoring study, no multivariable adjustment was undertaken, and poten-
tial confounding factors, including age, smoking history, occupational exposure, and other
lifestyle characteristics, were considered when interpreting the findings. Therefore, the
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observed exposure patterns should be interpreted as descriptive and hypothesis-generating
rather than as evidence of independent associations [57-59]. All statistical analyses were
performed using SPSS for Windows, version 31.0 (IBM, Armonk, NY, USA).

3. Results
3.1. General Characteristics of the Participants

We enrolled a total of 92 individuals (31 HD patients, 31 non-dialysis CKD patients,
30 healthy subjects). Table 1 shows the general characteristics of the participants comparing
HD, non-dialysis CKD patients, and healthy subjects. Age, sex, marital status, education
levels, and smoking habits were different between the compared groups. Most of the HD
and non-dialysis CKD patients were retired and had worked in public administration or in
education, health, and other social services.

Table 1. Characteristics of the study population.

Non-Dialysis CKD

HD Patients Patients Healthy Subjects
Variables (n=31) (n =30)
n (%) (n =31) n (%)
n (%)
Median age, y (IQR) 75.0 (63.0-80.0) 70.0 (55.0-80.0) 64.5 (52.0-72.8)
95% CI (69.0-80.0) (56.0-75.0) (58.0-69.0)
Sex
Female 14 (45.2) 15 (48.4) 15 (50.0)
Male 17 (54.8) 16 (51.6) 15 (50.0)
Marital status
Unmarried * 12 (38.7) 14 (45.2) 8 (26.7)
Married /unmarried partner 19 (61.3) 17 (54.8) 22 (73.3)
Education level
None and Primary school 16 (51.6) 6 (19.4) 4(13.3)
Middle school 5(16.1) 10 (32.3) 12 (40.0)
High school 8 (25.8) 8 (25.8) 11 (36.7)
Degree 2 (6.5) 7 (22.6) 3(10.0)
Median BMI (IQR) 25.6 (21.9-27.5) 26.2 (22.1-28.4) 24.6 (21.9-28.9)
95% CI 22.8-27.3 23.0-27.6 22.8-28.1
Median KIDMED (IQR) 5 (5-8) 6 (5-8) 7 (5-9)
95% CI 5-7 5-8 6-8
Smoking habits
No smoker 14 (45.2) 10 (32.3) 18 (60.0)
Smoker 2 (6.5) 10 (32.3) 5 (16.7)
Former smoker 15 (48.4) 11 (35.5) 7 (23.3)
Hypertension 3(9.7) 0 (0) 14 (46.7)

* Separated /divorced, single, widowed; HD: Hemodialysis; CKD: Chronic kidney disease; IQR:
Interquartile range (25th—75th); 95% CI: Confidence interval; BMI: Body mass index; KIDMED:
Mediterranean Diet Quality Index.

3.2. Distribution of MNPs and BPA in Blood and Urine

Distribution of MNPs particle size, number per mL (p/mL), and BPA levels in blood
and urine are reported in Table 2. The median blood plasma level of MNPs was higher in
HD compared to non-dialysis CKD patients and healthy subjects. In contrast, no difference
was found for blood MNPs diameter. CKD patients had higher median MNPs urinary
levels than healthy subjects. The median diameter of urine MNPs was 5.9 (3.7-8.3) um in
the healthy subjects and 4.0 (2.7-4.7) pum in non-dialysis CKD patients. Median urinary
BPA levels were lower in non-dialysis CKD patients than healthy subjects.

https://doi.org/10.3390 /microplastics5030159


https://doi.org/10.3390/microplastics5030159

Microplastics 2026, 5, 159

9 of 20

Table 2. Blood and urinary micro- and nanoplastics (MNPs) and urinary bisphenol A (BPA) distribu-
tion according to study groups.

Non-Dialysis CKD

HD Patients . Healthy Subjects
. Patients .
Variables Median Median Median
aQR) (IQR) IQR)
95% CI 95% CI 95% CI
Blood
MNPs levels 9889 9234 5755
(p/mL)* (4525-14,939) (3354-15,429) (2488-9042)
6620-13,396 4052-14,434 3270-6627
MNPs diameter 4.1 4.5 3.9
(m) (3.3-4.7) (3.8-5.1) (3.5-4.5)
3.8-4.4 4.0-4.9 3.7-4.4
Urine
MNPs levels na 1231 411
(p/mL)* (0-8281) (0-1636)
0-8199 0-2459
MNPs diameter na 4.0 5.9
(um) (2.7-4.7) (3.7-8.3)
2.7-4.7 2.9-8.3
0.16 0.98
BPA (ug/L) na (0.12-0.16) (0.60-2.36)
0.11-0.18 0.54-2.52
BPA (ug/g na 0.15 0.93
creatinine) (0.12-0.15) (0.57-2.24)
0.11-0.17 0.52-2.39

* p/mL: particles per milliliters; HD: Hemodialysis; CKD: Chronic kidney disease; IQR: Interquartile
range (25th-75th); 95% CI: Confidence interval; MINPs: Micro- and nanoplastics; BPA: Bisphenol A;
na: not applicable because dialysis subjects do not produce urine.

Table 3 shows the distribution of the number and size of blood MNPs according to
the year of HD onset and the type of HD technique used. Patients who started HD in
2017 or earlier had a median MNPs level of 10,701 MNPs/mL (IQR: 7385-14,636), with a
median MP diameter of 4.3 um (IQR: 3.7—4.5). Those who began HD between 2018 and
2020 showed a similar MNPs level, with a median size of 4.0 um (IQR: 3.1-4.8). Patients
who initiated HD from 2021 onward exhibited a lower median MNPs level and slightly

smaller MNPs.

Regarding HD techniques, patients undergoing hemodiafiltration (HDF) had a
higher median MP concentration compared to those treated with acetate-free biofiltra-

tion with potassium profiling (AFB-K), whose median MP concentration was 8664 p/mL
(IQR: 3784-13,327). The median MP size was similar between the two groups. Finally,
stratified analyses by hemodialysis technique were performed for exploratory purposes

and should be interpreted with caution given the limited sample size of the subgroups.
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Table 3. Blood micro- and nanoplastics (MNPs) number and size according to year of hemodialysis

onset and type of hemodialysis technique.

MNPs (p/mL)

MNPs Diameter (um)

Variables HD Patients Median Median
n (%) (IQR) (IQR)
95% CI 95%CI
Year of HD onset
10,701 43
<2017 11(35.5) (7385-14,636) (3.7-4.5)
6620-15,846 3.2-4.7
10,646 4.0
2018-2020 15 (48.4) (2495-19,777) (3.1-4.8)
2495-19,777 3.1-4.8
6272 3.8
2021+ 5(16.1) (853-12,330) (29-4.3)
0-13,396 2.7-4.4
Type of HD
technique
15,004 41
HDF 6(19.4) (5569-27,483) (3.6-4.6)
2485-46,193 3.0-5.6
8664 4.2
AFB-K 25 (80.6) (3784-13,327) (3.2-47)
4896-13,119 3.34.7

HD: Hemodialysis; MNPs: Micro- and nanoplastics; IQR: Interquartile range (25th-75th); 95% CI:
Confidence interval; HDF: Hemodiafiltration; AFB-K: Acetate-free biofiltration with potassium

profile.

3.3. Blood and Urine MNPs and BPA Distribution in HD, Non-Dialysis CKD, and Healthy

Subjects by Sex

Table 4 shows blood and urine MNPs and BPA distribution in HD, CKD and healthy

subjects stratified by sex.

Table 4. Blood and urine micro- and nanoplastics (MNPs) and bisphenol A levels by sex according to

study group.
HD Patients Non-Dialysis CKD Patients Healthy Subjects
Variables Median Median Median
(IQR) (IOR) (IOR)
95% CI 95% CI 95% CI
Female Male Female Male Female Male
Blood
MNPs levels 9907 9063 7340 10,083 6627 4131
(p/mL) * (3382-13,499) (5322-18,405) (2495-15,429) (4249-118,064) (3270-9944) (1665-6556)
3290-14,637 4896-19,257 2495-15,429 4017-19,130 3270-9944 1665-6556
MNPs diameter 44 3.9 4.3 4.6 3.9
(um) (3.8-4.8) (3.1-4.3) (3.6-5.4) (3.9-5.0) (3.3-4.6) (3.7-4.4)
3.3-4.9 3.1-4.3 3.6-5.4 3.9-5.0 3.3-4.6 3.7-4.4
Urine
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Table 4. Cont.

Variables

HD Patients Non-Dialysis CKD Patients Healthy Subjects
Median Median Median
(IQR) (IQR) (IQR)
95% CI 95% CI 95% CI

Female Male Female Male Female Male

MNPs levels
(p/mL)*

na

820 1629 812 411

na (0-6578) (0-8322) (0-1636) (103-1947)

0-10,825 0-8363 0-8284 0-2459

MNPs diameter
(um)

na

4.0 4.1 4.0 6.0

na (2.8-4.6) (2.5-4.7) (2.9-6.1) (5.9-7.1)

2.5-4.7 2.4-49 2.9-8.3 5.8-8.3

BPA (ug/L)

na

0.16 0.16 0.98 0.97

na (0.11-0.18) (0.13-0.16) (0.65-2.52) (0.54-1.40)

0.04-0.32 0.12-0.16 0.11-4.44 0.54-1.39

BPA (1g/g
creatinine)

na

0.15 0.15 0.93 0.92

na (0.11-0.17) (0.12-0.15) (0.62-2.39) (0.52-1.32)

0.04-0.30 0.12-0.15 0.11-4.22 0.52-1.32

* p/mL: particles per milliliter; IQR: Interquartile range (25th-75th); 95% CI: Confidence interval;
MNPs: Micro- and nanoplastics; BPA: Bisphenol A; na = not applicable because dialysis patients do
not produce urine.

Stratified analysis by sex showed higher blood MNPs levels in females than in males
in the healthy subjects group and HD group. Conversely, males in the non-dialysis CKD
group had higher MNPs levels than females.

Urinary MNPs levels were also higher in females than in males in the healthy subjects
group; conversely, males in the CKD group had higher MNPs levels than females. The
MNPs in the urine of females in the healthy subjects group had a smaller diameter than
the males, while those of the non-dialysis CKD group had values comparable between
females and males. Both females and males in the healthy subjects had higher urinary BPA
levels than non-dialysis CKD patients. Finally, stratified analyses by sex were performed
for exploratory purposes and should be interpreted with caution given the limited sample
size of the subgroups.

3.4. MNPs Chemical Composition Typization

Table 5 shows the chemical characterization of micro- and nanoplastics (MNPs) in
blood and urine samples from healthy subjects, hemodialysis (HD), and non-dialysis
CKD patients. Polyethylene (PE) was the predominant polymer in all groups, with the
highest levels observed in the blood of dialysis patients and non-dialysis CKD patients.
Polypropylene (PP) also showed higher values in the blood of dialysis patients compared
to the other groups. The levels of polystyrene, polymethyl methacrylate, polyvinylchloride,
polyethylene terephthalate, and N-66: nylon-6.6 were below their respective limits of
detection (LODs) in all analyzed samples.

Table 5. Blood and urine micro- and nanoplastics (MNPs) chemical composition typization according
to study group (ng/mL).

LOD Healthy Subject Blood Dialysis Blood Non-Dialysis CKD Blood Non-Dialysis CKD Urine

PE 4.24
PP 1.07

21.32 26.85 25.66 22.78

1.80 3.34 <LOD <LOD

PE: Polyethylene; PP: Polypropylene; LOD: Limit of detection.
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4. Discussion

This study highlights a concerning accumulation of MNPs and altered BPA excretion
patterns in non-dialysis CKD patients and HD patients, compared with healthy subjects.
The higher internal burden observed among non-dialysis CKD and HD patients may reflect
several non-mutually exclusive mechanisms, including impaired renal elimination, expo-
sure associated with dialysis procedures, differences in environmental exposure patterns,
or residual confounding related to demographic and lifestyle characteristics. However,
owing to the cross-sectional design of the present study, these mechanisms cannot be
distinguished.

These findings are consistent with previous human biomonitoring evidence indicating
that MNPs can be detected in blood and may persist in the circulation, particularly in
populations with compromised physiological clearance mechanisms [60-64].

Non-dialysis CKD patients also exhibited higher urinary MNP levels than healthy
subjects, suggesting that some degree of urinary elimination is preserved despite reduced
glomerular filtration rate. However, because exposure and disease status were assessed si-
multaneously, this observation should not be interpreted as evidence of a causal mechanism
or enhanced detoxification. Rather, it may reflect pathological alterations of the glomerulo-
tubular barrier, including loss of size and charge selectivity and impaired tubular handling,
which may allow abnormal passage of particulate matter into the urine [65-67].

Recent mechanistic studies have demonstrated that micro- and nanoplastics can di-
rectly disrupt podocyte structure, alter slit diaphragm integrity, and increase glomerular
permeability, supporting the hypothesis that MNPs may exacerbate glomerular barrier
dysfunction in CKD [68]. Experimental models also show renal accumulation of MNPs
associated with oxidative stress, tubular inflammation, and early fibrotic changes, further
linking MNP exposure to impaired renal filtration mechanisms [69].

The smaller median diameter of urinary MNPs observed in non-dialysis CKD patients
compared with healthy subjects further is compatible with selective retention of larger
particles within the circulation or renal tissue, as previously suggested by experimental
and human evidence on renal microplastic deposition [27,61,70].

This interpretation aligns with recent evidence showing that MNPs can be trapped
within the renal microvasculature and peritubular capillaries, contributing to endothelial
dysfunction, impaired vasodilation, and increased vascular oxidative stress, mechanisms
known to accelerate CKD progression [71].

Experimental evidence suggests that MNPs exposure may promote inflammatory
responses; however, the present study was not designed to investigate these mechanisms,
which require confirmation in longitudinal and mechanistic studies [49].

Recent studies indicate that MNPs can activate renal inflammatory pathways, includ-
ing NF-«kB and NLRP3 inflammasome signaling, promoting tubular injury and interstitial
fibrosis, key processes in CKD progression [20,72].

Elevated MNP levels in non-dialysis CKD patients may also result from increased
intestinal absorption secondary to disruption of the intestinal epithelial barrier, a common
feature of the uremic state, which could enhance the translocation of luminal MNPs into
the circulation [73,74].

Moreover, in relation to HD patients, the higher blood MNP levels compared with
both non-dialysis CKD patients and healthy subjects may suggest that iatrogenic exposure
cannot be excluded. In addition, patients undergoing hemodialysis for longer periods
showed higher MNP levels than those treated for shorter periods. Likewise, differences
according to dialysis technique may reflect variations in exposure to polymer-based medical
devices and extracorporeal circuits. But these subgroup findings should be interpreted
with caution because of the limited sample size within each dialysis subgroup.
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The extensive use of plastic-based materials in HD procedures, including catheters,
tubing, dialyzers, water treatment systems, and concentrate bags, may contribute to the
observed MNP burden, in addition to the mechanisms hypothesized for non-dialysis CKD
patients. These results are in line with the literature suggesting that exposure to MNPs
during HD might play a role in the development of complications in this population,
although dedicated longitudinal studies will be necessary to clarify the contribution of
dialysis-related exposure [37,75,76].

The analysis of particle size distribution showed that healthy subjects excreted MNPs
of greater size compared with non-dialysis CKD patients, who instead exhibited a higher
presence of particles of increased diameter in the bloodstream. In contrast, HD patients
had circulating particles of comparable size to those observed in healthy subjects, which
may be compatible with a possible influence of the dialysis process on particle clearance
according to diameter.

In terms of BPA exposure, CKD patients showed lower urinary BPA levels than healthy
subjects, likely reflecting impaired renal elimination rather than reduced exposure, since
BPA is primarily excreted through the kidneys and reduced renal function is associated
with decreased clearance and systemic accumulation [77-79]. Indeed, previous studies have
reported associations between elevated BPA levels, CKD progression, and increased car-
diovascular risk [67,78,80,81]. Additional mechanisms potentially contributing to reduced
urinary BPA include altered metabolism or increased intestinal reabsorption, possibly
influenced by CKD-associated gut dysbiosis [82,83]. Nonetheless, further investigations,
including serum BPA measurements, are needed to confirm systemic accumulation and to
clarify its toxicological implications.

The sex-specific differences observed in the present study may reflect underlying bio-
logical differences in endocrine regulation, xenobiotic metabolism and immune responses.
BPA is a well-established endocrine-disrupting chemical capable of interacting with estro-
gen and androgen signaling pathways [84,85], whereas growing evidence indicates that
MNPs and their associated chemicals may also interfere with endocrine homeostasis by dis-
rupting hypothalamic—pituitary endocrine axes, inducing oxidative stress and promoting
chronic inflammation [86]. Consequently, sex-related differences in hormonal regulation
may not only influence BPA toxicodynamics but also modify the biological responses to
co-occurring MNPs exposure, potentially contributing to the sex-specific patterns observed
in our study. In addition, chronic kidney disease is characterized by profound alterations
of the gut microbiome and persistent systemic inflammation, while experimental studies
indicate that MNP exposure may impair intestinal barrier integrity and alter gut microbial
composition [36,87]. Although these mechanisms were not directly investigated in the
present study, the higher circulating levels of BPA and MNPs observed in non-dialysis CKD
patients and those undergoing hemodialysis are biologically consistent with the hypothe-
sis that alterations in the gut-kidney axis may contribute to the internal burden of these
contaminants. However, these mechanistic pathways remain speculative in the context of
our findings and should be clarified by future studies integrating environmental exposure
assessment with endocrine, inflammatory and gut microbiome biomarkers [28,36,84,86,87].

Emerging evidence shows that MNPs can aggravate gut dysbiosis, increase intestinal
permeability, and enhance translocation of luminal particles and pro-inflammatory media-
tors into the bloodstream, thereby amplifying gut-kidney axis dysfunction and potentially
contributing to renal injury [71,88].

In addition to differences between disease groups, this study identified exploratory sex-
specific differences in blood MNP levels among non-dialysis CKD, HD patients and healthy
subjects. Given the limited sample size within each subgroup, these observations should
be interpreted cautiously and regarded as hypothesis-generating rather than confirmatory.
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Experimental evidence suggests that biological sex may influence the toxicokinetic and
biological effects of MNPs through differences in endocrine regulations, oxidative stress
responses, and immune pathways; however, the available evidence derives predominantly
from experimental models and remains insufficient to explain the heterogeneous patterns
observed in the present study [68,69]. Therefore, the observed sex-specific differences
should be considered preliminary and require confirmation in larger human biomonitoring
studies specifically designed to investigate sex-related heterogeneity in internal exposure
before any biological mechanisms can be inferred.

Overall, the present observations highlight the importance of considering biological
sex in future environmental nephrology research.

Beyond their toxicological relevance, these observations may also have important
implications for environmental health and public health. Patients with non-dialysis CKD
and those undergoing hemodialysis may represent particularly vulnerable populations
because of chronic disease, repeated exposure to polymer-based medical devices and the
potential accumulation of environmental contaminants.

Recent studies further suggest that individuals with CKD exhibit heightened suscep-
tibility to MNP-induced endothelial dysfunction and vascular inflammation, which may
compound their already elevated cardiovascular and renal risk profiles [89,90].

Although the present study does not support specific clinical recommendations, it
highlights the importance of precautionary strategies aimed at minimizing avoidable expo-
sure to BPA and MNPs whenever feasible, including the optimization of polymer-based
healthcare materials, the adoption of safer medical devices when available, and the imple-
mentation of environmental exposure awareness programs for healthcare professionals
and patients. From a public health perspective, our findings support the inclusion of
vulnerable renal populations in future biomonitoring programs and environmental risk
assessment frameworks, thereby contributing to the identification of high-risk groups
and to the development of evidence-based strategies for reducing exposure to emerging
environmental contaminants.

Strengths and Limits

This study has two main strengths. To our knowledge, it is among the first cross-
sectional biomonitoring studies to directly compare MNPs and BPA exposure across HD
patients, non-dialysis CKD patients, and healthy subjects, focusing on sex differences.
In addition, the use of sensitive and validated analytical methods enabled an accurate
assessment of exposure levels in biological matrices. However, several limitations should
be acknowledged. The study has inherent methodological constraints. First, the single-
center design may limit generalizability, as the population reflects the demographic and
clinical characteristics of one nephrology unit. Second, although the sample size was ade-
quate for this exploratory human biomonitoring study, it limits statistical power to detect
subtle differences between groups, particularly in subgroup analyses, and may reduce
the generalizability of the findings. To strengthen analytical reliability, we have included
detailed quality-control information for Py-GC/MS, including blank control results and
repeatability assessments supporting MNP identification. In some studies, such as Kara
et al. [56], release tests performed on the same materials used in our dialysis system have
shown that detectable amounts of PVC, PET, and PE require the extraction of approxi-
mately 2 L of dialysate, an approach that is not feasible in biological matrices. Consequently,
aside from PP, which reflects components of our dialysis device, trace polymers must be
reported as <LOD, as analytical chemistry does not allow for an absolute zero and detection
sensitivity depends on the matrix, sample volume, and instrumentation. Differences in
age, comorbidities, and lifestyle characteristics between HD patients, non-dialysis patients
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and healthy subjects may have introduced residual confounding, potentially influencing
exposure patterns and biomarker distributions. The absence of serum BPA measurements
limits the assessment of internal BPA dose, as reduced urinary levels may reflect impaired
elimination rather than systemic accumulation. In addition, although both MNPs and BPA
were measured in the same participants, the present study was not designed to evaluate
correlations between these contaminants or their combined toxicological effects.

Furthermore, no predefined thresholds for clinically meaningful differences were estab-
lished; therefore, all findings should be interpreted as exploratory and hypothesis-generating.

The contribution of healthcare-related sources of exposure, including repeated contact
with polymer-based medical devices, laboratory equipment, and disposable consumables,
was not specifically evaluated.

An additional limitation is that, although MNP particle size was available, individual
renal function indicators, such as estimated glomerular filtration rate, serum creatinine,
blood urea nitrogen or CKD stage, were not collected.

Although information on smoking habits, occupational history and lifestyle charac-
teristics was collected, the present exploratory study was not designed to perform mul-
tivariable adjustment for potential confounders. Therefore, differences in internal MNPs
burden should not be interpreted as being exclusively attributable to CKD or hemodialysis.
Residual confounding remains a plausible explanation and should be addressed in larger
prospective studies.

Finally, an important limitation concerns the assessment of BPA exposure. Although
urinary BPA is widely recognized as a reliable biomarker of recent exposure because BPA
is rapidly metabolized and predominantly excreted in urine, it mainly reflects short-term
exposure and may not fully characterize systemic distribution or the internal burden of
BPA. Since circulating MNPs were quantified in blood, the lack of concurrent serum BPA
measurements limited our ability to directly compare the two contaminants within the
same biological compartment and to better explore their potential interactions.

5. Conclusions

This study provides novel human biomonitoring evidence indicating that patients
with CKD, particularly those undergoing hemodialysis, exhibit an increased systemic
burden of MNPs alongside altered urinary elimination of BPA.

Importantly, sex-specific patterns emerged across study groups, highlighting the
need to consider sex not merely as a confounder but as a potential effect modifier in
environmental nephrology research.

Overall, the results underscore the relevance of environmental and healthcare-related
plastic exposures in vulnerable populations with compromised renal function. Further
longitudinal and multicenter studies are warranted to clarify exposure sources, underlying
mechanisms, and potential long-term health implications, as well as to inform preventive
strategies and risk assessment frameworks tailored to patients with chronic kidney disease.
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